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Aromatic hydrocarbons were synthesized by passing CHy and O,
through the two catalyst beds, i.e., the catalyst active for oxida-
tive coupling of CH, and that for converting light hydrocarbons to

aromatics.

Partial oxidation of methane into higher hydrocarbons attracted much atten-
1-7)

tion since pioneering work reported by Keller and Bhasin. More and more
groups are beginning to work in this area and there is increasing industrial
activity.s) However, a challenging work to convert methane into aromatic hydro-
carbons by partial oxidation of methane has not been succeeded yet, except the
works using N,0 as an oxidant.?)

Recent work in our laboratory has demonstrated that alkali carbonates-added
Sm,03 and alkali halides-added transition metal oxides show high catalytic acti-
vities for oxidative coupling of CH, by O, giving CyHg and CyHy (Cy-compounds).
On the other hand, it has been reported that light paraffinic hydrocarbons such
as CyHg, C3H8,and C4Hqyo can be converted to aromatic hydrocarbons using H-ZSM-5
zeolites and Ga and Al ions-exchanged z2sM-5.10:11) ono et al. suggested that the
role of the metal cations are for the efficient transformation of the interme-
diate olefins into aromatic hydrocarbons.12) Thus, we expect that the combina-
tion of these two types of catalysts can produce aromatic hydrocarbons directly
from CH, by passing reactants through the catalyst beds. In this report, we
describe the catalysts which give aromatic hydrocarbons directly from methane.

The nickel oxides and manganese oxides containing alkali salts were prepared
by immersing NiO and MnO, in aqueous solutions of alkali salts. The content of
the alkali metals in the oxides was 20 mol% for each catalyst. The catalysts
were calcined in air at 973 K for 2 h before the experiments. ZSM-5 zeolites
were synthesized according to the method described in a patent.13) The silica-
lite used was prepared by the similar method. The ZSM-5 zeolites were exchanged
with H*, Ga3*, or Al3* in aqueous solutions of the nitrates of the cations. The
contents of Ga3* and Al3* were adjusted to be 2.0 wt.%.

The test of the catalysts were carried out using a fixed-bed reactor with a
conventional gas-flow system at atmospheric pressure. The catalysts were packed
in a reactor of porcelain(Al,03) tube (11 mm i.d.) placed in a conventional
furnace. The reaction products at time on stream of 25 min were analyzed by gas

chromatography using column packings of Gaskuropack 54 and active carbon. The



1956 Chemistry Letters, 1986

conversion of CH,, the selectivities and the yields of the products were calcu-
lated on the basis of carbon number of CH, reacted.

C,H, and CyHg are the main hydrocarbon products in partial oxidation of CHy
over alkali halides-added transition metal oxides.4) However, a detailed analy-
sis of the products for higher hydrocarbons indicated that we could not neglect
the formations of higher hydrocarbons. Table 1 shows the conversions of CH, and
0y, the selectivity to hydrocarbons (2C5), and the yields of hydrocarbons obser-
ved for LiCl-added nickel oxide (denoted as LiCl/Ni-oxide) and NaCl/Mn-oxide.

The latter catalysts were mechanically mixed with quartz sand (denoted as QS)
(6.0 g), silica gel (6.0 g), or silicalite (3.0 g) as a diluent before being
packed in the reactor (third, fourth, and fifth column, respectively) because the
dispersion of the catalyst increased the total yields of hydrocarbons as well as
the yields of aromatic compounds. The carbon containing products other than the
hydrocarbons in Table 1 were CO, and CO. The experimental conditions are given
in a margin of the table. As can be seen in Table 1, the formation of benzene
was clearly observed for the catalysts LiCl/Ni-oxide and NaCl/Mn-oxide. As far
as we know, the results in Table 1 are the first demonstration of the synthesis
of aromatics by partial oxidation of CHy in the presence of oxygen in the gas

phase, although the yield is still small.

Table 1. The catalysts active for oligomerization and aromatization of CHy

Catalyst LiCl/Ni-oxide NaCl/Mn-oxide NaCl/Mn-oxide NaCl/Mn-oxide
+ QS + silica gel + silicalite

CH, conversion(%) 39.1 39.8 36.6 37.4

O, conversion(%) 99.0 99.3 97.0 99.2

Selectivity(%) to

hydrocarbons (2>C,) 65.2 67.1 58.3 60.3

Yields (%)

C,H, 20.0 20.7 15.6 17.1

C,yHg 2.9 2.5 2.0 2.8

C3Hg 1.3 1.0 0.8 0.8

C4Hg 1.1 2.1 2.6 1.3

Benzene+Toluene 0.2 0.4 0.4 0.6

Total hydrocarbons 25.5 26.7 21.4 22.6

Reaction conditions: T=1023 K; weight of catalysts without diluent=2.0 g; Partial
pressures at the entrance of the reactors= CH4(0.16 atm), 02(0.07), He(0.77);

Total flow rate=61 ml min'1.

As described earlier we can expect that combination of the two types of
catalysts, one of which is effective to oxidative coupling of CH, (coupling
catalyst) and the other to oligomerization of the C,-compounds and subsequent
cyclization and dehydrogenation to give aromatic hydrocarbons (aromatization
catalyst), may increase the yields of aromatics from CHy. Table 2 shows the
results for LiZCO3/Sm203 (a coupling catalyst), Ga-ZSM-5 zeolite, and the combi-
nations of the Li,CO3/Sm,03 (denoted as Li/Sm,03 hereafter) with various cation
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exchanged ZSM-5 zeolites (aromatization catalysts). The Li/Sm203 (2.0 g) and
the ZSM-5 zeolite (1.0 g) were packed in series in the reactor at intervals of 6
cm between the two catalysts. The temperatures at the centers of the catalyst
beds were 1023 and 973 K for Li/Sm203 and ZSM-5 zeolites, respectively. The
reactants were fed first through the former catalyst bed and subsequently through
the latter. Li/Sm203 alone (second column in Table 2) or Ga-ZSM-5 alone (third
column) did not produce aromatics at all. When Ga-ZSM-5 was used alone, CHy was
oxidized to CO and CO, and not to higher hydrocarbons. However, as can be seen
in Table 2, the combination of Li/Sm203 and ZSM-5 zeolites produced aromatics as
we expected. The combination of Li/Sm203 and Ga-ZSM-5 gave the best yield of
aromatics 2.2%. The selectivity to aromatics was 6.8% in the total products.
Thus, Ga-ZSM-5 zeolite is the most effective catalyst to give aromatic hydrocar-

bons under the experimental conditions described earlier.

Table 2. Conversion of CHy over Li/Sm203 and various ZSM-5(Si/Al=45)

zeolites packed in series in the reactor

Catalysts Li/Sm,03 Ga-ZSM-5 Li/Sm,05 Li/Sm,03 Li/Sm,03
only only H-ZSM-5 Ga-ZSM-5 Al-ZSM-5
CHy conv.(%) 34.5 9.1 31.3 32.8 33.3
0O, conv.(%) 99.0 24.4 99.4 95.4 98.6
Selectivity to
hydrocarbons(%) 56.0 2.2 49.1 38.7 53.0
Yields (%)
CyHy 11.5 0.0 9.5 3.7 9.0
CyHg 6.8 0.2 4.3 6.2 7.3
C3Hg 1.1 0.0 0.9 0.6 2.1
CyHg trace 0.0 0.0 0.0 trace
Benzene+Toluene 0.0 0.0 0.6 2.2 0.6
Total 19.4 0.2 15.3 12.7 19.0

Partial pressures:CH4(O.21 atm), 02(0.09), He(0.70); Flow rate=28.5 ml min"1.

Table 3 shows the results of reactions using Ga-ZSM-5 zeolite with the
active catalysts for oxidative coupling of CHy,. The experimental conditions
were same as those described for Table 2 except the weight of the 2ZSM-5 catalysts
(2.0 g) and partial pressures and flow rates of reactants. For every catalyst
combinations in Table 3, selectivity to aromatics are greater than 6%. The
yield of aromatics was also improved compared to the results in Table 2.
LiCl/Ni-oxide and NaCl/Mn-oxide in combination with Ga-ZSM-5(Si/Al=25) gave fair-
ly high selectivities (>16.3%) and yields (>5.5%) of aromatics. It is noted
that considerable amounts of light paraffins and olefins produced through the
coupling catalysts still remain unreacted in effluent gas. Therefore, the yield
of aromatics must be improved if we could find better catalysts having higher
catalytic activities in the conversion of light hydrocarbons to aromatics. It
is also to be noted that the yield of total hydrocarbons decreased considerably

when the aromatization catalyst was combined with the coupling catalyst. This
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result can be ascribed to the deep oxidation of olefins and the coke formation on
aromatization catalysts. Therefore, the better aromatization catalyst mentioned

above must be the one which also improves these points.

Table 3. Conversion of CH, over various coupling catalysts and Ga-ZSM-5 packed

in series in the reactor

Coupling LiCl/Ni- NaCl/Mn-oxide Li/Sm,04 LiCl/Ni- NaCl/Mn-oxide
catalyst oxide + QS oxide + QS
a) a) a) b) b)
CHy conv.(%) 36.4 35.7 35.2 33.7 34.2
O, conv.(%) 98.1 98.9 98.8 98.8 97.2
Selectivity to
hydrocarbons(%) 47.3 44.8 40.5 42.1 42 .1
Yields (%)
CyHy 9.7 8.5 4.1 6.0 5.1
CyHg 1.5 2.7 5.5 1.6 2.9
C3Hg 2.3 0.5 2.4 0.7 0.4
CyHg 0.0 0.0 0.0 0.4 0.3
Benzene+Toluene 3.8 4.3 2.2 5.5 5.6
Total 17.3 16.0 14.2 14.2 14.3

Partial pressures:CH4(O.16 atm), 02(0.07), He(0.77); Flow rate=64 ml/min. a)
Si/Al ratio of Ga-ZSM-5 used was 45. b) Si/Al ratio of Ga-ZSM-5 used was 25.
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