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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 irradiation
time, power level, and pretreatment of the catalyst have been studied. Compared to previous studies, higher catalytic activity was observed fol
Raney nickel than for regular nickel powder. The maximum conversion obtained was 24% at 400 W and 10 min of irradiation time. For regular
nickel powder that conversion can be achieved only after 700 W of power and more than 20 min of reaction. BET surface area, scanning
electron microscopy, X-ray photoelectron spectroscopy, and temperature-programmed desorption and reduction analysis were performed tc
characterize the catalyst before and after reaction. Oligomers such as ethylene, benzene, and ethane have been prepared selectively unc
different conditions. Ethylene, with a selectivity of 70%, was the major product at 530 W and 5 min of irradiation time. Deactivation of
Raney nickel by fouling and sintering was observed after 500 W and/or 15 min of reaction.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction neous [8,9] catalytic conversion of methane to higher hydro-
carbons has been studied by many authors. The idea of using
Natural gas is essentially methane (83—-97 vol% depend-sensitizers that can absorb microwave energy and transfer
ing on the origin) and therefore difficult to liquefy and quite heat efficiently in order to selectively activate C—H bonds
chemically unreactive. Methane is thermodynamically stable from methane has been used extensively by Wan and co-
with respect to its elements. The reactions to make other hy-workers [1,2,10] and Chen et al. [3].
drocarbons, all of which are less stable than methane around In a previous work, we had studied the oligomerization
1000°C, have unfavorable free energies of reaction and are of methane to higher hydrocarbons using Ni powder, Fe
strongly limited by equilibrium. Such reactions need a con- powder, and activated carbon [11]. Oligomers ranging from
siderable energy input, and therefore temperatures aboveC2 to C6 hydrocarbons had been produced in a relatively
1000°C are required to transform GHito benzene, acety-  high selectivity depending on the nature of the catalyst, mi-
lene, ethylene, and ethane. Methane is a very valuable fuelcrowave radiation frequency, power level, and the presence
from the environmental point of view and the production of of He as a diluent gas.

energy is so far its main use. However, a more rational use of Nickel Cata|ysts have been shown to be h|gh|y selec-
methane is that it should also be used to make either petrotjye and effective catalysts to lower the activation en-
chemical or gasoline components. ergy of breaking the carbon—hydrogen bond. Although mi-

Many efforts have been focused on the activation of crowave heating has been studied very systematically for the
methane to more valuable products in the last two deca- gligomerization of methane it is not clear yet what other fac-

des [1-3]. Thermal [4,5], homogeneous [6,7], and heteroge- g might affect the activity and product distribution of this

reaction.
* Corresponding author. Meanwhile, Raney nickel catalysts have been used for
E-mail address: suib@uconnvm.uconn.edu (S.L. Suib). several decades in numerous reduction and hydrogenation
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reactions such as the saturation of C—C multiple bonds andwere used for these experiments. This power supply operates
aromatic rings and the reduction of aldehydes and ketones towithin a range of 0 to 1250 W at a frequency of 2.54 GHz,
corresponding alcohols. They are also used in various reac-emitting pulses with a periodicity of 8.3 ms.

tions in the absence of hydrogen in the gaseous phase and as High-purity (HP) grade methane obtained from Mathe-
an active phase of fuel cell electrodes. Raney nickel catalystsson and ultrahigh purity (UHP) helium and hydrogen pur-
are distinguished by high activity and often by high selec- chased from Airgas were used. Gases were mixed on line
tivity. The nature of these phenomena is influenced by the in a gas-mixing panel as noted in our previous work [11].
high dispersion and strong lattice distortion of Raney nickel An electronic J&W Scientific Gas Flowmeter was utilized to
and by the presence of a large amount of hydrogen in an ac-measure the flow rate of the gases and a set of rotameters
tive form. Traditionally they are produced by the removal (Omega FL-3545-HRV and FL-3541-HRV Series) coupled
of aluminum from a NjAl alloy with a strong alkaline solu-  with fine metering valves was used to control the flow rates.
tion. The residue after leaching of the Al component consists

mainly of Ni in a highly dispersed state (surface areas of 50 2.2. Catalyst

to 120 nt/q).
Despite the wide use of Raney nickel, there are no pub- 2.2.1. Preparation
lications on the activity of this catalyst in the oligomeriza- The catalyst used for this study was activated Raney

tion of methane using microwave radiation. In this work, we nickel purchased from Acros Organics. Raney nickel was
studied the effects of power, irradiation time, and nature of supplied as 50% slurry in water, 10.5% aluminum-balance
Raney nickel on the oligomerization of methane using mi- content. Particle size ranged from 5 to 128 um. The slurry
crowave heating as energy source. Furthermore, characteriwas desiccated using silica gel unde2x 103 bar and
zation of the catalyst has been done before and after reactiorroom temperature for 6 h. Handling of the catalyst was al-
in order to understand the product distribution that was ob- ways carried out in a nitrogen atmosphere glove bag. After
served. drying, 100 mg Raney nickel powder was placed inside the

reactor with high-purity quartz wool on either side of the cat-

alyst bed. Helium was flushed for 30 min through the reactor
2. Experimental to purge the air still present in the system.

2.1. Microwave apparatus and gas system 2.2.2. Pretreatment
Although, the catalyst was handled under a nitrogen at-

The reaction was carried out in continuous flow oper- mosphere, some exposure to air may have occurred when
ation in a straight-in. quartz reactor, which was placed transferring the reactor from the glove bag to the microwave
in the microwave apparatus single-mode resonant cavity asapparatus and while connecting fittings. For activity com-
shownin Fig. 1. An ASTEX microwave power source Model parison, additional experiments were done with a reduced
GL139 with a magnetron type GL 130WC, a 3 stub tuner catalyst. Raney nickel was reduced in situ with UHP hydro-
Model AX3041, and an ASTEX applicator Model AX7020  gen at 300C for 2 h. Feed was 30% hydrogen in helium and
the total flow rate was 15 mimin.

All experiments were run with a mixture of 3 njimin
pure methane and 9 niimin helium at atmospheric pres-
sure. Samples for product analyses were taken at 5, 10, and
15 min of reaction time over a power range of 250t0 1125 W.

=

2.3. Product analysis

alyzed by an HP5890 Series Il gas chromatograph, which
was equipped with a mass detector. Three analytical columns
were used for the separation. A precolumn (HP Porapack
2. Applicator Q 1/8 in x 6 ft) was used to separate the permanent gases
3. Quartz wool from the rest of the sample. The permanent gases are fur-
4. Catalyst ther separated individually on a molecular sieve column (HP

1. Waveguide

@ Products were trapped with a gas-sampling valve and an-
@
®

5.Quartz Molsieve 25 mx 0.53 mmx 50 mm), and then reenter the
| precqlumn. Subsequently, gases are sent through a 30:1 split
and finally to a Poraplot Q column (HP Poraplot Q 25m

31/4in - 0.32 mm). Afterward, individual gases pass through an in-
terface to a HP 5971A mass selective detector where they
Fig. 1. Microwave applicator and reactor. are identified and quantified. The detector used for the MSD
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is a continuous dynode electron multiplier connected to a
guadrupole mass filter.

The total conversion of methane was estimated by carbon
balance calculations. All the compounds multiplied by the

number of carbons present in that molecule were summed.

We report selectivities as the selectivities toward the sum of
the compounds with specifia™ numbers of carbon atoms
(Cis).

203

reactor used for TPD studies was homemade with a thermo-
couple inserted as close to the catalyst as possible. Eighty
milligrams of catalyst was used for each analysis. Ultrahigh
purity helium was used as the carrier gas at 3¢/min. For

TPR analysis the feed was 1 nfin of ultrahigh purity hy-
drogen and the carrier gas was 29 miin of helium. In
each run, the catalyst was purged with helium gas for more
than 2 h at room temperature until the baseline was flat to

The compounds that can be detected using gas chro-eliminate weakly physisorbed species and then heated lin-

matography as noted above are methane, carbon dioxide
carbon monoxide; &, ethylene, acetylene, and ethang;,C
propene, propane, 1,2-propadiene, propyng; &-methyl-

garly from 25 to 828C at 10°C/min. The species evolving
from the catalysts during TPD were analyzed with a mass
spectrometer with a quadrupole ionizing detector (MKS In-

propane, 2-butene, 1-buten-3-yne, 1,2-butadiene, butadienestrument Inc.).

1-butyne, 2-butyne; &, 3-pentene-1-yne;§; benzene; &,
toluene, @, ethylbenzene, ethynylbenzene, and ethenylben-
zene.

The conversion in percentage is calculated as follows,
XcH, (%) = (C1 — CcHgexit)/ CT x 100,

where Ct is the sum of the concentration of each com-
pound ;) multiplied by the number of carbons present in
the molecule (n;);i.e.,

CTZZFL,’C{.

The selectivities in percentage toward compounds with
number of carbons” (.S;) were calculated by

S @) = (3 niCi) /(€1 = Cemyexi) x 100
2.4. Characterization

2.4.1. BET surface area analysis

3. Results

The effects of power and irradiation time on the oligome-
rization of methane via microwave heating were studied
using Raney nickel as catalyst and helium as diluent. Exper-
iments were done with two different sets of Raney nickel:
(1) nonreduced Raney nickel, i.e., after drying slurry; (2) re-
duced Raney nickel, i.e., after drying and treating with hy-
drogen at 300C for 2 h. Conversion of methane decreases
from a maximum of 24% when using nonreduced catalyst to
a maximum of 14% when using reduced catalyst.

When nonreduced Raney nickel was used, it required an
“activation” stage at low power (250 W) for 30 min where
oxygen in the system was consumed. Fig. 2 shows conver-
sion of methane during this stage. At these conditions, only
CO was produced and no other hydrocarbon. After this pe-
riod, higher hydrocarbons such agsCCs, and Gs were

Surface areas of Raney nickel samples before and after redetected with selectivities lower than 2%. When reduced

actions were determined by Brunauer-Emmett—Teller mea-
surements (BET). The instrument used was a NOVA 1000
Gas Sorption BET unit, purchased from Quantachrome.
A five-point BET method for nitrogen adsorption was used.

2.4.2. Scanning electron microscopy

SEM photographs of Raney nickel samples before and
after reactions were taken on an AMRAY 1810D scanning
electronic microscope, using a tungsten filament and an ac-
celeration potential of 16 and 17 kV.

2.4.3. X-ray photoel ectron spectroscopy

The XPS data were acquired using a Leybold-Heraeus
LHS-10 instrument equipped with an Al KR X-ray source
and a SPECS EA 10MCD energy analyzer. Data for all
detailed spectra were obtained using a Mg X-ray anode

(1253.6 eV) and a constant energy analyzer pass of 59.21 eViime (min)

The ion gun was oriented 3@bove the sample plane. Raney
nickel samples before and after reactions were analyzed.

2.4.4. Temperature-programmed desor ption and reduction
TPD and TPR experiments were used to study the na-

Raney nickel was used, the activation stage was also required
at a higher power (600 W) for 80 min and there was no prod-
uct detected during this period.

Selectivity (%)

Fig. 2. Effect of irradiation time on conversion and selectivity at 250 W

ture of the adsorbed species on the catalyst surface. Theusing nonreduced Raney nickel.
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Fig. 5. Effect of applied power on4g selectivities at 5 min of irradiation
time using nonreduced Raney nickel.

Fig. 3. Effect of applied power and irradiation time on conversion after ac-
tivation stage using nonreduced Raney nickel.
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Fig. 6. Effect of applied power on selectivity at 10 min of irradiation time
using nonreduced Raney nickel.

Fig. 4. Effect of applied power on selectivity at 5 min of irradiation time For a longer irradiation time of 10 min, the conversion in-
using nonreduced Raney nickel. creased up to 24% at about 400 W, and the major products
were Gs as observable in Fig. 6, with an average selectivity
3.1. Nonreduced catalyst of 86% for all powers. The foremost products were ethyl-
ene and acetylene. The later became important as power
When using nonreduced Raney nickel catalyst, and 25%increased as seen in Fig. 6. When power was increased above
methane diluted in helium as reactant, as power increased400 W, the reactor melted after 8 min. Samples were col-
from 280 to 750 W at short irradiation time (5 min), con- lected only up to 300 W for 15 min of irradiation time.
version went through a maximum of 13% at around 400 W The most abundant products for these conditions were ethyl-
(Fig. 3). At this irradiation time and at all powers, the ma- ene with a selectivity of 50%, acetylene (24%), and benzene
jor products were &, Cg, and G, respectively (Fig. 4). (13%). Beyond 300 W the reactor melted after 10 min.
Furthermore, at 400 W &£reached its maximum selectiv-
ity of 12%, while Gs reached its minimum selectivity of ~ 3.2. Reduced catalyst
73%. Fig. 5 shows that when the inflection occurred, the
major product among £g was ethylene with a selectivity of Raney nickel was pretreated with hydrogen for 2 h at
37%, then acetylene (34%), and finally ethane (2%). During 300°C. After reduction, the catalyst was purged with helium
the maximum conversion range, i.e., 340-470 W, and 5 min for 3 h to eliminate excess of hydrogen. For this reaction the
irradiation time, the three most abundant products were eth-feed was 25% of methane in helium. Conversion to products
ylene, acetylene, and benzene, respectively. Meanwhile, forwas higher than that of nonreduced catalyst at lower pow-
the other powers at the same irradiation time, the most sig- ers. However, the maximum power that could be applied was
nificant products were ethylene and ethane. 280 W. After 280 W, the reactor and catalyst melted. Fig. 7
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2CHy — CoHg + 2Hz, 3)
2CHy — CoHa + 3Ha, (4)

9 CoHs + Hz — CaHe, (5)

Q 3CoHp — CgHe. (6)

s In general, the most noticeable products were ethylene,

acetylene, and benzene for nonreduced Raney nickel. For re-
duced Raney nickel the mostimportant products were ethane
and ethylene. TPD studies indicate two forms of adsorbed
- hydrogen, one of which is a weakly bound molecular form,
times (i) e //_>( 282 and the other is a strongly bound atomic form [13]. Reduc-

B T s Powes (W) tion of Raney nickel increases the amount of chemisorbed

hydrogen on the surface of the catalyst [14]. This higher
Fig. 7. Effect of gpplied power and irradiation time on conversion using concentration of reactive hydrogen on the surface favors the
reduced Raney nickel. formation of saturated hydrocarbons such as ethane, explain-
ing the product distribution observed in the reduced Raney
nickel experiments.

Comparing the results of this study with the results of
the same reaction using nickel power, it is unambiguous that
the lifetime of Raney nickel is about one-third of the life-
time of nickel powder. The activity of Raney nickel is also
remarkably higher than that of nickel powder. Raney nickel
gives higher conversions at the same moderate power (24%
vs less than 10% at about 400 W). Moreover, products are
detected at a lower power (300 W) than that of the nickel
powder experiments (400 W) [11].

Even though handling of Raney nickel was carried out in
a glove bag with an inert atmosphere, some oxidation might
have occurred on the surface of the catalyst while transfer-
Fig. 8. Effect of applied power on selectivity at 5 min of irradiation time ~ iNg the reactor to the microwave unit. TPD studies revealed
using reduced Raney nickel. the presence of a small amount of oxygen on the surface as

well as a larger amount of GQand an even larger amount
shows that the maximum conversion (14%) was reached atof H20 (Fig. 9a). Clearly some water remains in the Raney
280 W after 5 min of irradiation time. As time increased, nickel after the drying process. These absorbed species on
deactivation occurred and conversion decreased from 14 tothe surface supply the source of oxygen to form CO, which
about 4%. Selectivities toward,E decreased from 80 to was detected in the activation stage of nonreduced cata-
about 70% compared to nonreduced catalyst at short andyst. Desorption of hydrogen from the catalyst confirmed the
medium irradiation times. The major change was the productpresence of two forms of hydrogen. Weakly adsorbed hy-
distribution among €. Fig. 8 shows that the main product drogen evolved at 11TC is the reactive hydrogen (Fig. 9a),
for the reduced catalyst was ethane (54%) followed by eth- as already noted by Barbier and co-workers [15]. The sec-
ylene (13%). Gs (mostly propane) was comparatively more ond hydrogen peak is a strongly bound dissociative form,
abundant than acetylene. Benzene was not detected. which desorbs at around 166. On the other hand, the re-
action temperatures for the 200-400 W range are in the or-
der or 800-1000C, according to previous work published
4. Discussion elsewhere [11]. Therefore, all hydrogen from the catalyst
is quickly consumed to produce ethane as a major product.

Oligomerization of methane via microwave heating was Once the highly reactive hydrogen is consumed, the major
obtained using Raney nickel catalysts. In a previous publi- products are acetylene and benzene, respectively, at about
cation [12] we reported that the reaction mechanism most 400 W. Thereafter the catalyst deactivates as observed in
probably involves the formation of free radicals, specially Fig. 3.
methylene and CH radicals. Some of the reactions proposed Mikhailenko et al. [14] reported that redox treatment on
by Wan et al. [10] are Raney nickel causes a redistribution of the energy inho-

mogeneity of the surface, shifting the desorption peaks of
CHg — :CH2 + Ha, 1) hydrogen to a lower temperature, and the total amount of
:CHy — :CH+:H, (2) hydrogen desorbed decreases. As discussed later, the BET

—T T
T 125 |
80 734

Selectivity (%)
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Fig. 9. (a) Temperature-programmed desorption analysis of fresh Raney nickel. (b) Temperature-programmed reduction analysis of freshIRaney nicke
surface area decreases, leading to a decrease in the amount -
of hydrogen adsorbed, mainly at the expense of strongly 1w .
bound form. This more readily available reactive hydrogen
explains the formation of ethane at lower power for the case
of reduced Raney nickel. While hydrogen is being consumed
Raney nickel is losing its activity most probably due to sin-
tering. Once hydrogen is finished the catalyst also has sin-
tered, significantly plummeting conversion.

In general, nickel catalysts strongly absorb microwave
energy, providing the necessary kinetic energy for the sur-
face electrons to enhance surface chemical reactions. The 0 20 “00 o power 1000 1200 o0
energy absorbed by the surface metallic sites is transformed
from a rapid oscillating electrical field into thermal en- Fig. 10. Effect of applied power on catalyst temperature using nickel pow-
ergy [12]. Taking into account that pretreatment on Raney der.
nickel causes redistribution of the energy inhomogeneity on
the surface [14], different heating patterns for the two cata- of the initial value, i.e., 21.15 ffg. This surface area loss
lysts at the same microwave power are expected. Thereforesuggested deactivation of the catalyst by sintering, which
systematic effects of the microwave absorption on heating is confirmed by scanning electron microscopy. SEM pho-
rates can also be responsible for changes in product distrib-tographs in Fig. 11 revealed the following: (a) Fresh Raney
ution and activities of the catalysts. nickel consisted of large particles (about 10 um and above)

An attempt to quantify the temperature during the re- with a platelike morphology. Some of them have agglom-
action was performed in previous studies [11]. For those erated to form larger units (size up to 200 um). (b) After
experiments using nickel powder, temperature was not mea-the reaction Raney nickel sintered giving a bulk-like appear-
sured in situ since the thermocouple will interfere with the ance. Samples for after reaction photographs were taken at
microwave field forming arcs during the reaction. Despite intermediate power (around 400 W) and 5 min of irradia-
limitations of our system to accurately measure reaction tion time. Beyond this point, the catalyst was mostly melted.
temperatures under microwave radiation, approximate mea-Mikhailenko et al. [14] found out that partial sintering of
surements using the following procedure were carried out: Raney nickel occurred during the reduction process explain-
after steady state was achieved under reaction conditions, théng the decrease in activity with respect to nonreduced cata-
microwave power was shut off, followed by the insertion of lyst.
the thermocouple in the catalyst bed to obtain information ~ General observations from XPS studies can be seen in
about temperatures at different applied powers. The methodTable 1. The amount of zero-valent metal on Raney nickel
is not completely accurate but gives an idea of the tempera-surface was not enough to resolve the contribution to the
ture levels in the system as seen in Fig. 10. spectra and differentiate the metal phase from the contri-

BET studies on the catalyst, performed before and after bution of nickel oxide. Despite the small amount of nickel
reaction, showed a considerable loss of surface area. Fresimetal, the catalyst was still very active compared to bulk
dried Raney nickel had a surface area of 60.42gnAfter nickel [11]. In addition to the high surface area of Raney
reaction the surface area of the catalyst decreased by 65%ickel there are other species on the surface of the catalyst

@
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Catalyst Temperature ( C)
© =y
=3 =)
1S3 3

~
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Fig. 11. (a) Scanning electron microscopy photograph of Raney nickel before reaction. (b) Scanning electron microscopy photograph of Raftey nickel a
reaction.

Table 1 CO is produced mainly during the initial stage of the
X-ray photoelectron spectroscopy analysis for Raney nickel oligomerization of methane as seen in Fig. 2. Besides, it
Ni c o} AIZF AlO has been seen that low temperatures at low power favor
Fresh 2064 7 85 57.97 227 227  the decomposition of carbon monoxide [20]. When power
After reaction 014 8815"* 11.71 increases during the reaction, high temperatures favor the

decomposition of methane deactivating the catalyst by a par-
allel fouling mechanism. Eq. (8) describes this process,

that might be responsible for high activity. Residual metal- CHy+s< s C+2H,, ®)

lic aluminum and its corresponding oxides are also presentwhere s is the catalytic active site.

on the surface and can play an important role in the activ-  Finally, at the end of the reaction the temperature is high
ity of the catalyst as suggested by Birkenstock et al. [16]. enough to favor sintering of the catalyst as seen in Fig. 11,
In addition, Diskin et al. [17] observed that nickel oxides on rapidly ceasing the catalytic activity of Raney nickel.

the surface of the catalyst can be active sites for the activa-

tion of methane as well as nickel metal. XPS also detected

different forms of oxygen on the surface of the fresh cata- 5. Conclusion

lyst. Sources of oxygen might be assigned @HNi(OH)y, i ] )
NiO, and AbO3 which would be in agreement with Yoshino Raney nlc_kel _has been shown to b_e a selective cgtalyst in
et al. [18] and with the data obtained from TPR analysis the oligomerization of methane via microwave heating. The
(Fig. 9b). Reduction of NiO generally proceeds within the Maximum conversion achieved in this reaction was 24% at
280-300°C range [19]. The first hydrogen peak of the TPR 490 W and 10 min of microwave irradiation time. In our pre-
plot most probably corresponds to consumption of hydro- Vious work [11] with regular nickel powder comparable con-
gen to reduce Ni(OH) which is present in large amounts  Version and selectivities were obtalned qnly at .hlgh power
and requires lower reduction activation energy than that of (2ove 700 W) and long microwave irradiation time (above
the more stable NiO [19]. After reaction catalyst analysis 20 Min). Ethylene, benzene, and ethane have been prepared
showed a very small amount of nickel on the surface and selectively under different conditions. Selectivities as high

almost 90% of carbonaceous species. This finding confirms®S 1, 1:;' ar;]d 54% have .belen grl?taine_d for ethy_lenzz b_en-
that deactivation of the catalyst also is due to blocking of ac- zene, and ethane, respectively. Short microwave irradiation

tive sites with carbon. Deactivation mechanisms responsiblet';netf] a}nd hlgr;]power_(a:bove 33(3 W) enha;gg \t,tc/e fformat:ﬁ n
for loss of Raney nickel catalysts in methanation reactions]? € i/'ene,fvt\; ereas m;rr;ne La € ptov¥(irr]( tal ) taV(')tLSh €
are sintering and fouling (series and parallel) [20]. Series ormation ot benzene. Fretreatment of the catalyst with fy-

fouing ocurs when th procuced CO generates 2 i e I°0%h EXLC1on noreascs e formator,of ehane t o,
action to form carbon. The process can be illustrated by P ' P

ble for deactivation of the catalyst. Parallel fouling most

2CO+s<s-C+COp, @ probably is present at the beginning of the reaction when
CO is formed. Later in the reaction, while temperature in-

where s is the catalytic active site. creases, decomposition of methane might cause deactivation

Atom ratios:*Ni2+ and NP; **C—0 and C-@; ***Aliph + Olef.
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