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The catalytic dehydroaromatization of methane was performed
by the addition of CO and CO; at 1 atm and 973 K on Mo/HZSM-5
and Fe/Co-modified Mo/HZSM-5. With pure methane as feed gas,
ca. 10% of methane is initially converted to mainly benzene at a for-
mation rate of 600 nmol/g cat/s (on carbon base) on Mo-supported
catalysts, which are drastically deactivated owing to significant
coke formation (35-40%). In contrast, addition of a few percent
of CO and CO; to methane feed promotes benzene production and
significantly improves the stability of the Mo/HZSM-5 catalyst at
prolonged times-on-stream. For Fe- and Co-modified Mo/HZSM-5
catalysts the methane reaction with CO vyields higher activities
(950-1000 nmol/g cat/s in carbon base) of benzene production with
good catalytic stability for more than 100 h owing to minimization
of the coke formation to less than 20%. It is demonstrated that
added CO; is converted to 2 mol of CO by the reforming process
(CO2+CH4=2CO +2Hy) or by the reverse Boudart reaction
(CO, + C=2C0), which similarly promotes the catalytic stability.
TPO experiments revealed that the amount of coke formed on the
catalyst surface was greatly reduced by adding a few percent of
CO or CO; to the methane feed gas. TPO experiments also showed
that, in contrast to CO, addition of more than 4% CO, to the
methane feed reduces not only the inert coke but also the reactive
coke, which can be converted to aromatics such as benzene and
naphthalene. 3CO isotopic labeling tracer studies showed that
13¢C from 3CO is easily incorporated into methane and products
such as benzene and ethene. From the studies mentioned above, it
may be suggested that the unique role of CO addition to methane
feed is based on the formation of minute amounts of CO, and C
by the Boudart reaction, where C is hydrogenated to a common
active carbon species [CHy] involving methane conversion toward
aromatic products such as benzene and naphthalene, while CO,
reacts with the surface inert carbon species (coke) to regenerate CO,
resulting in improved catalyst stability due to efficient suppression
of coke formation on the catalyst.  © 1999 Academic Press
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1. INTRODUCTION

The catalytic conversion of methane to ethene and ben-
zene as the petrochemical feed stocks and liquid fuel has
been a great challenge in heterogeneous catalysis and an
intriguing problem with respect to effective utilization of
carbon resources such as natural gas. So far, there are some
potential routes for methane conversion such as the oxida-
tive coupling of methane to ethene over Li/MgO and Sm,03
catalysts (1) and the two-step homologation of methane for
lower hydrocarbons on Co and Ru catalysts (2), although
these routes are not yet feasible because of lower yields and
selectivities. Since the first report in 1993 by Wang et al. (3),
the direct dehydrocondensation of methane to benzene
has been widely studied on Mo-impregnated HZSM-5
catalyst in terms of the kinetics, reaction mechanism, and
catalyst characterization by Xu (3, 4, 7-10), Solymosi (5, 6),
and Lunsford (11, 12) and their co-workers. Recently, we
demonstrated (13) that methane is effectively condensed
with substantial evolution of hydrogen into various aromat-
ics such as benzene, naphthalene, and their methyl substi-
tutes not only on Mo/HZSM-5 but also on Co/Fe-modified
Mo/HZSM-5 at 873-1073 K. Nevertheless, using pure
methane feed, it was found that methane conversion and
rates of benzene formation drastically decreased for a few
hours owing to significant coke formation. In addition, the
reaction mechanism and active sites for methane conver-
sion to benzene and naphthalene on Mo/HZSM-5 catalysts
remain a matter of controversy. To reduce coke formation,
some preliminary efforts have been made to add selected
oxidative reagents such as oxygen and carbon dioxide (10%
or higher) to the methane gas feed, but the aromatic prod-
uct formation was completely inhibited on Mo/HZSM-5
catalyst as reported previously (3, 12). We studied the
additive effects of CO and CO, by controlling their
concentration for the dehydrocondensation of methane on
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Mo/HZSM-5 and Fe/Co-modified Mo/HZSM-5 in terms of
catalytic performance towards benzene and naphthalene
and catalytic stability associated with coke formation. Fur-
thermore, the unigue promotional role of CO/CO, addition
in the direct conversion of methane to aromatic products
and the chemical origin to improve their catalyst stability
were studied by *CO isotopic labeling and temperature-
programmed oxidation (TPO) experiments in conjunction
with coke formation and the bifunctional mechanism of
methane dehydrocondensation on Mo-supported catalysts.

2. EXPERIMENTAL

2.1. Materials and Catalyst Preparation

Mo/HZSM-5 catalysts containing 3—6 wt% Mo were pre-
pared by impregnation (incipient wetness) of NH,ZSM-
5 (SiOy/Al,O3 = 47-52; surface area = 780-925 m?/g; Toso
Co. and CRI Zeolyst, Inc.) with (NH4)sM07024H,0
(99.9%, Kanto Chem. Co., used as is) aqueous solution. The
resulting materials were dried at 393 K and calcined at 773 K
for 6 h, as reported previously (13-15). Fe- and Co-modified
Mo/HZSM-5 catalysts were prepared by the sequential
impregnation of 3 wt% Mo/HZSM-5 with Co(NO3), and
Fe(NO3)3 aqueous solutions, followed by calcination in air
at 773 K for 2 h.

2.2. Product Analysis and Kinetic Measurements

After the impregnated samples of Mo/HZSM-5 were
calcined at 773 K in air, catalytic tests were carried out
under the atmospheric pressure of methane with or without
CO or CO; in a continuous microreactor system equipped
with an 8-mme-i.d. quartz reactor charged with 0.30 g of
catalyst pelleted and sized to 20-42 mesh, as reported pre-
viously (13-15). The reaction temperature was monitored
by a thermocouple (K-type alumel/chromel) sheathed in a
quartz tubing, which was attached to a catalyst fixed bed (5-
10 mm in height). After flushing with He at 973 K, a feed gas
of pure CH,4 or amixture of methane with 1.8-12% (v/v) CO
or CO, was introduced into the fixed-bed reactor at a total
flow rate of 7.5 ml/min (space velocity = 1500 ml/h/g cat)
through mass flow controllers (STEC Co., SEC-400). The
outlet pipe line from the end of a quartz reactor and on-line
sampling valves were kept higher than 500 K to prevent the
condensation and strong adsorption of the higher hydrocar-
bon products. Two percent argon (Daido Hoxan Gas Co.;
99.9% purity) as internal standard for gas analysis was used
in mixing with methane. A Shimadzu GC-14A gas chroma-
tograph with a flame ionization detector (FID) was eg-
uipped with a six-way sampling valve (Valco Instruments
Co. Inc.; AAVOS8L16) for heating at 533 K for separation
of hydrocarbon products including aromatic compounds
such as benzene, naphthalene and their methyl-substituted
derivatives on a 4 mm x 1 m Porapak-P column. Another

Shimadzu GC-8A gas chromatograph was employed for
on-line product analysis of H,, Ar, CO, CH,4, and CO; on
a 4 mmx 2 m activated carbon column with a thermal
conductivity detector (TCD). Hydrocarbons produced in
this reaction were C,-C, alkanes (and/or alkenes) and
C¢—C12 aromatic hydrocarbons such as benzene, toluene,
xylene, naphthalene, and methyl-naphthalene which were
identified by using on-line GC and GC-MS (Perkin—-Elmer,
Auto System GC with 910-Q mass spectrometer).

By using an internal standard analyzing method, impor-
tant variables such as conversion, and selectivity were eval-
uated under the mass balance with respective to carbon and
hydrogen. The total gas flow rate at the outlet of the reactor
(Fou'ety can be calibrated with the equation

inlet inlet __ —outlet outlet
F™ < XA =F x Xar [1]

since the mass flow rate of nonreactive Ar as internal stan-
dard should be constant throughout the reaction. Assum-
ing that a mole fraction of methane in a TCD sampling
loop takes the same value as that in an FID sampling loop,
the mole fraction of each product (X) in the gas phase was
calculated with the equation

TCD TCD FID FID
f roduct A roduct f roduct A roduct
P! p or p P!
TCD TCD FID FID
X . fmetha\ne 'methane fmethane X Amethane [2]
product = z £7CD __ ATCD E §FID_ AFID
TCD product product FID _product product 1
§TCD TCD + fFID FID -

methane methane methane 'methane

where f and A represent a sensitivity factor and the area
of a peak corresponding to the compound on the GC chro-
matogram, respectively. Such an assumption is considered
to be proper because calculated mole fractions of condens-
able products in a TCD loop at room temperature are
0.5 mol% at most. Using Eq. [2], conversion of methane
(Conv), selectivity (Sieooery), and formation rate (RS0,

of hydrocarbon products, such as C, hydrocarbons, ben-
zene, and naphthalene, CO, and CO,, on a carbon base, are
respectively calculated from the equations
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product product

Thus, the selectivity for coke formation on a carbon base
is derived from 1—the sum of product selectivity and
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includes undetected heavy aromatics, amorphous carbon,
and graphitic carbon on the catalysts. In Egs. [4] and [5], Wt
and N®™°M represent weight of catalyst and carbon num-
ber in a molecule, respectively. Similarly, selectivity for the
formation of a hydrogen-containing product on a hydrogen
base can be calculated and, thus, the ratio of hydrogen to
carbon in the coke formed can be estimated.

2.3. TPO Measurements

The amount of coke deposited on the catalysts was mea-
sured by the temperature-programmed oxidation (TPO)
method. For the series of Mo/HZSM-5 catalysts (300-
500 mg) after methane aromatization for 6 h at 973 K us-
ing pure methane and addition of various amounts of CO
and CO, to the methane feed, the TPO measurement were
made. Each catalyst sample was charged to a U-type quartz
microreactor. After purging in a helium flow (30 ml/min) at
423 K for 1 h, the temperature of the sample was lowered
to 313 K and the helium flow switched to air at a flow rate
of 20 ml/min. CO, formation was monitored intermittently
by a gas chromatograph at the ramping temperature rate
(2 K/imin).

2.4. lIsotopic Labeling Tracer Study

The isotopic labeling experiment was conducted at 973 K
using a gas mixture (220 Torr) of 92% methane and 8%
13CO (99% purity, Prochem B.O.C. Limited) on 3 wt%
Mo/HZSM-5 catalyst which was charged in a Pyrex-glass
reactor equipped with a closed circulating reaction system.
The benzene formed was collected at the ethanol-dry ice
trap, which was subject to the on-line GC-MS analysis us-
ing a Perkin—-Elmer gas chromatograph—-mass spectrome-
ter (Auto System GC with 910 Q-Mass). The Mo/HZSM-5
catalyst was pretreated with the gas mixture at 773-873 K
for 1 h for the precarburization and was evacuated at 973 K
for 1 h prior to starting the reaction at 973 K.

3. RESULTS AND DISCUSSION

3.1. Reaction Analysis in Methane Dehydrocondensation
on Mo/HZSM-5 Catalyst

Using 2%Ar as internal standard for the reaction anal-
ysis, the present work was conducted to carefully evaluate
the rates of formation and selectivities of hydrocarbon
products and coke formation in the methane condensa-
tion reaction on HZSM-5 zeolite-supported Mo catalysts
such as Mo/HZSM-5 and Co/Fe-modified Mo/HZSM-5. As
was stated, coke evaluated from GC analysis consists of all
the undetected carbon products such as amorphous and
graphitic inert carbons and higher-boiling compounds that
are difficult to detect and analyze with on-line FID and
TCD gas chromatographs. To look at undetected carbon
species, we analyzed all the condensable products except

0 (on carbon basis) 100%

O 6s.60%)

@f (3.47%)

X jo (0.12%)

@j (0.21%)
(26.60%)

(0.73%)

(0.23%)
?2(C13 Aromatics) (~0.04%)
(~0.04%)

Other heavier aromatics such as:

@@@@ , and their derivatives etc.

FIG. 1. Average distribution of aromatic compounds on carbon base
formed in the methane dehydrocondensation on 3 wt% Mo/HZSM-5 at
973 K for 4 h.

lower C,—~C3 hydrocarbons in the effluent gas separated for
4 h by using the ethanol-dry ice trap in the methane reac-
tion on 3 wt% Mo/HZSM-5 catalyst at 978 K. The collected
reaction products were analyzed by the GS/MS with a cap-
illary column (OV-1, 25 m) up to 553 K and TOFRM (time-
of-flight reflect-mass) spectrometer (VOYGER MALDI-
TOF; m/e = 10-2500; PerSeptive Biosystems Co.). Figure 1
shows the average product distribution (in percent se-
lectivity on carbon base) of the aromatic compounds,
which consist of benzene (69%), naphthalene (27%), and
toluene (3.5%) as the major aromatic products and other
polycondensed hydrocarbons such as anthracene, pyrene,
tetracene, and their methyl-substituted derivatives in trace
amounts. The latter polycondensed aromatic compounds
are difficult to analyze with an on-line FID GC system us-
ing a Porapak-P column owing to their high boiling points
and strong adsorption on separation columns. Thus, they
are considered part of of coke materials in routine analy-
ses of the reaction. Nevertheless, the total amount of such
polycondensed products having more than 13 carbons was
estimated to be not more than 2% on a carbon base with
respect to the hydrocarbon products detected.
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3.2. Methane Conversion at 973 K on Mo/HZSM-5
Catalysts Using Pure Methane

The dehydrocondensation of methane was conducted by
flowing pure methane (98% CH;+2% Ar, 1 atm, SV =
1500 ml/g cat/h) on the catalysts in the fixed bed at 973 K.
C, hydrocarbons and aromatic products such as benzene
and naphthalene were continuously obtained together with
a considerable evolution of hydrogen (H,/benzene =9-
18 mol/mol) on 3 wt% Mo/HZSM-5 catalyst as shown in
Fig. 2. Along with the mechanism proposed in previous re-
ports (7-13, 15), it is conceivable that the catalytic dehydro-
condensation of methane proceeds primarily by methane
dissociation on Mo/HZSM-5 catalysts to form surface car-
bon species such as CHy and C;Hy (x, y > 0) on the Mo site
of Mo carbide, which are oligomerized on HZSM-5 support
having the proper acidity toward aromatic compounds such
as benzene and naphthalene by bifunctional catalysis (15)
as represented in Scheme 1.

As shown in Fig. 2, a part of the consumed methane is
converted to CO and hydrogen besides benzene, naphtha-
lene, and C, hydrocarbons, in the reaction of methane on
Mo/HZSM-5. At the initial stage of the reaction, it has been
suggested by XRD, XPS, and XAFS studies that the im-
pregnated Mo oxides are converted to Mo carbide which
was highly dispersed on the HZSM-5 support, as previ-
ously reported (8, 14, 15). As indicated in Figs. 2a and 2b,
the conversion of methane (10-12%) and rates of total hy-
drocarbon formation (800-1000 nmol/g cat/s) on a carbon
base obtained at an early stage of the reaction on 3 wt%
Mo/HZSM-5 at 973 K usually decrease rapidly at the initial
stage of a few hours and moderately at the later stage of the
reaction down to less than 4% and 500 nmol/g cat/s in 30 h
(1800 min), respectively, possibly due to the significant
coke formation. Both the hydrocarbons and coke produced
show stable carbon-based selectivities of 60-68 and 38-
32%, respectively, with a negligible CO selectivity of less
than 1%. As shown in Fig. 2c benzene and naphthalene
were equally obtained on carbon base at the initial stage
of the methane reaction on Mo/HZSM-5. It is interesting
to find that the carbon-base composition of benzene in hy-
drocarbon products increased and maintained higher lev-
els of 63-68% at the prolonged time-on-stream of 30 h.
By contrast, C, hydrocarbons such as ethene and ethane
increased linearly from 4 to 20% at the expense of naph-
thalene (42-12%). The other aliphatic compounds such as
propene and butene and other aromatics such as toluene
were produced in small amounts (totally less than several
percent selectivity) as shown in Fig. 1. Further bulky sub-
stituted aromatic compounds such as xylene, mesitylene,
methyl-naphthalene, dimethylnaphthalene, phenanthrene,
anthracene, dimethylanthracene, and tetracene were ob-
tained in trace amounts on these catalysts at 973 K, possi-
bly because of the higher reactivity of hydrogenolysis and
molecular shape selectivity of the HZSM-5 support due
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FIG. 2. Catalytic performance in the methane conversion at 973 K on
3 wt% Mo/HZSM-5: (a) methane conversion (%) and rates of product
formation for benzene, naphthalene, and C, hydrocarbons on carbon base
(nmol/s/g cat), (b) selectivities of hydrocarbons, coke, and CO formation
(%), and (c) product composition (%) on carbon base for hydrocarbon
products versus time on stream (min).
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SCHEME1. Proposed bifunctional mechanism of the dehydroconden-
sation of methane toward aromatic products such as benzene and naph-
thalene via the surface hydrocarbon species on Mo/HZSM-5 catalysts.
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to its limited channel size of 5-6 A accessible to smaller-
sized products such as benzene and toluene. During cata-
lyst deactivation on the 3 wt% Mo/HZSM-5 at 973 K, it was
suggested that the formation of aromatics decreased more
seriously in the order of the more polycondensed hydro-
carbons as follows: benzene « naphthalene, anthracene,
pyrene and tetracene. Those of C, hydrocarbons increased
effectively possibly owing to the coke formation. This ev-
idence is implicated in the effective poisoning by coke to
retard the successive formation of polycondensed aromatic
compounds from precursor carbon species such as CHy
and C;Hy derived from methane on Mo sites impregnated
on HZSM-5 supports. It is conceivable from the mech-
anism proposed in Scheme 1 that the formation of ben-
zene and naphthalene is a structure-sensitive reaction that
requires larger ensembles (concentration) of the precur-
sor carbon species. The deactivated Mo/HZSM-5, after the
prolonged reaction of methane for 30 h at 973 K, was al-
most completely regenerated by its calcination with flow-
ing air (or pure Oy) at 873 K for 2 h, showing methane
conversions and product selectivities similar to those of
fresh Mo/HZSM-5. The observed catalytic performance
of Mo/ZSM-5 in methane conversion differs largely from
those overestimated values reported by Wang et al. (3, 4,
7, 8) and others (9-11) in previous papers. Such a large
discrepancy with the previous data may be due mainly to
the analytic accuracy of the consumed methane concentra-
tion without properly using an internal standard such as
Ar and N3 and neglecting, in previous reports, the appre-
ciable contribution of higher polycondensed hydrocarbons
such as naphthalene, methyl-naphthalene, and anthracene
except benzene and toluene as aromatic products in the
reaction.

3.3. Remarkable Promotion of CO Addition to the
Methane Feed in the Catalytic Production of Benzene
and Naphthalene on Mo/HZSM-5

Figures 3 and 4 show that the addition of 1.8-12% (v/v)
CO to methane feed gas induces a significant effect on the
catalytic performance of 3 wt% Mo/HZSM-5 and improves
catalyst stability. Using pure CH, (balanced with 2% Ar)
as the feed gas, methane conversion and benzene forma-
tion rate on those catalysts decreased greatly during 30 h
of reaction time-on-stream, as shown in Fig. 2. While with
the addition of 1.8% (v/v) CO in the feed gas, the early
drop in methane conversion was substantially moderated
and the higher levels of methane conversion (8-9%) re-
tained at the prolonged time-on-stream of 30 h, as indicated
in Fig. 3a. Moreover, Fig. 3b shows that the conversion of
methane with 1.8% CO provided stable performance for
carbon-base selectivities (ca. 70%) of hydrocarbons and
lower coke formation (ca. 30% selectivity), compared with
those using pure methane. On the other hand, it is shown
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FIG. 3. Effect of 1.8% CO addition to methane feed on (a) methane
conversion (%) and rates of product formation for benzene, naphthalene,
and C, hydrocarbons on carbon base (nmol/s/g cat), (b) selectivities of
hydrocarbons, coke, and CO formation (%), and (c) product composi-
tion (%) on carbon base for hydrocarbon products versus time on stream
(min).

in Fig. 3a that after attaining a maximum value in the early
stage, the rate of benzene formation remained almost con-
stant at 520 nmol/g cat/s on carbon base during the pro-
longed reaction of methane with 1.8% CO. In addition,
as shown in Fig. 3c, the catalytic conversion of methane
with 1.8% CO yielded higher selectivities of naphthalene
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methane only(X), +1.8%CO( ), +4.0%CO( |),+12%CO(H)
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FIG. 4. Effect of CO addition to methane feed by varying CO concentration (1.8, 4.0, and 12%) for formation rate (nmol/s/g cat) on carbon base
of (a) hydrocarbons, (b) ethene + ethane, (c) benzene, and (d) naphthalene versus time on stream (min).

(20-30%) and lower selectivities of C, hydrocarbons
(5-7%) in the hydrocarbon products than the conversion
of pure methane (Fig. 2¢) in due course of the reaction over
20 h.

By varying the concentration (1.8-12%) of CO in the
methane feed it was demonstrated that the similar pro-
motion, regardless of CO concentration, was attained at
973 K on 3 wt% Mo/HZSM-5 catalyst to greatly stabilize
the formation rates of hydrocarbons (Fig. 4a), C, hydrocar-
bons (Fig. 4b), benzene (Fig. 4c), and naphthalene (Fig. 4d)
at prolonged times-on-stream over 30 h, compared with
those using pure methane. It is obvious as shown in Figs. 4d
and 4b that the addition of CO to the methane resulted
in enhancement of naphthalene formation, while suppress-
ing C, hydrocarbons, possibly due to the reduction of coke
poisoning on the catalyst. Although the product selectiv-
ities and promotion of catalyst stability were greatly af-
fected by adding CO to the methane feed, it is interesting
to find that the concentrations of CO in the gas phase of
the reaction remained unchanged similar to those in the
feed gas, as indicated in Fig. 7, which is discussed in next
section.

3.4. Effect of CO, Addition in Methane Conversion
on Mo/HZSM-5

Similarly, catalyst stability for the methane dehydrocon-
densation at 973 K on 3 wt% Mo/HZSM-5 was also im-
proved by adding 1.6% CO, to the methane feed gas, as
shown in Fig. 5a. The addition of 1.6% CO, yielded a higher
methane conversion and higher formation rate than the
addition of CO for 600 min, possibly owing to the reform-
ing reaction (CO;, + CH,;=2CO + 2H,). It was also demon-
strated as shown in Figs. 5a and 5b that methane conversion
(%) and composition (%) of benzene among the hydrocar-
bon products are stable, maintaining higher values of more
than 8 and 62-68%, respectively, by adding CO, to methane
feed at the prolonged time on stream, as is the case for CO
added to methane feed.

Although the rates of hydrocarbon (Fig. 6a) and ben-
zene (Fig. 6¢) formation were relatively suppressed by in-
creasing the CO, concentration from 1.6 to 4.1% and were
lower than those using CO (Figs. 4a and 4c), the rates do
not change for long time-on-stream as in the case of CO ad-
dition to the feed gas. Similarly, the rates of formation of C,
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methane only(X), +1.6%C02(O), 4.1%C02(®D)
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FIG.5. Effectof COand CO,additiontothe methane feedat973 Kon
3 wt% Mo/HZSM-5 for (a) methane conversion (%) and (b) composition
(%) of benzene on carbon base in the hydrocarbon products versus time
on steam (min).

hydrocarbons and naphthalene change a little, as shown in
Figs. 6b and 6d, in a manner similar to that of CO, whereas
those effects were dependent on the amount of CO,. In con-
trast with CO, it was found that excessive addition of CO,
(>4%) in the methane feed gas largely inhibits the forma-
tion of aromatic products such as benzene and naphthalene
with significant evolution of CO and hydrogen at 973 K.
Figure 6a shows that the addition of 12% CO, to the
methane feed results in complete inhibition of the forma-
tion of aromatic products such as benzene and naphthalene.
Only a small amount of C, hydrocarbons was produced
in the conversion of methane with 12% CO, at 973 K on
Mo/HZSM-5 (Fig. 6b). This evidence is in agreement with
the marked suppression of benzene formation by the pulse
addition of 10% CO, in the methane reaction on Mo/ZSM-
5, which has been reported previously by Lunsford and co-
workers (12). The similar results in the reaction with 12%
CO, were obtained by the addition of a few percent of O,

to the methane feed at 973 K, which resulted in complete
inhibition of benzene formation on 3 wt% Mo/HZSM-5.

Asindicated inFig. 7, itis interesting that when the partial
pressure of CO, was low (<4%b) in the feed gas, double the
amount of CO with respect to CO, added to the methane
feed gas was produced on a carbon base, while no CO, was
observed in the outlet gas of the reaction. In contrast, the
concentration of CO did not change from inlet to outlet
of the reactor. It is suggested that CO; is completely con-
verted with CH,4 or carbon to produce double the amount
of CO by the reforming process (CO; + CH4=2CO + 2H5)
or reverse Boudart reaction (CO;+ C=2CO) under the
reaction conditions. To examine the fate of CO, equilib-
rium constants were calculated for the three possible re-
actions of C+ CO,=2CO, CH;+CO,;=2CO + 2H,, and
CH4+ H,O =CO + 3H; and determined to be 1.1, 8.7, and
13.4, respectively, at 973 K (16). It is clear in the second
and third reactions that the equilibriums lie far to the right.
Even in the first reaction the equilibrium should shift to
the right because that some amount of coke derived from
methane is present as shown in Figs. 2b and 3b. Accordingly,
it is understood from thermodynamic considerations that
the concentration of CO apparently remains unchanged in
the reactor under the experimental conditions. The differ-
ent effects of CO and CO, on methane aromatization may
be associated with their different chemical stabilities in the
reaction media: CO is stable and CO, reacts with methane
and surface coke to form CO and H,. Similar to the previ-
ous discussion on the poisoning effect of coke in Section 3.2,
there is an analogous explanation that the catalytic forma-
tion of aromatics such as benzene requires a large ensem-
ble (surface concentration) of active CHy species on the
Mo sites in the vicinity of the HZSM-5 support (13, 15).
It may be plausible that excessive addition of CO, (more
than 10%) and a few percent of O, as an oxygen donor with
respect to methane results in vital suppression of surface-
active carbon species, which may possibly be Mo,C, and
the conversion toward the aromatic products such as ben-
zene and naphthalene. The results for CO, may be closely
related to the promotional role of CO addition in stabiliz-
ing the catalyst performance in the methane aromatization
reaction.

3.5. Stable Catalytic Conversion of Methane Together
with CO toward Benzene on Fe- and Co-Modified
Mo/HZSM-5 Catalysts

By the addition of 4% (v/v) CO to 1 atm methane flow
at 973 K, Co- and Fe-modified Mo/HZSM-5 catalysts
markedly improve their catalytic performance in the
methane aromatization reaction, as shown in Figs. 8 and 9,
respectively. These figures show that the rates of ben-
zene formation in the conversion of methane together
with 4% (v/v) CO on 1 wt% Fe- or 1 wt% Co-modified
3 wt% Mo/HZSM-5 catalyst are enhanced by 1.2-1.5 times
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compared with those using pure methane, and a marked
improvement in catalyst stability is effected by maintain-
ing rates of benzene formation high (700-1000 nmol/g
cat/s) and selectivities greater than 80% at the prolonged
time-on-stream of 30-100 h. Moreover, it was found that
coke selectivity was greatly reduced to less than 20% us-
ing methane with CO, as shown in Figs. 8b and 9b. CO
addition to methane feed is usually effective in improv-
ing catalyst stability on Fe/Co-modified Mo/HZSM-5, sim-
ilar to Mo/HZSM-5, regardless of variations in Mo loading
(3-20 wt% Mo) and reaction conditions, e.g., reaction tem-
peratures of 773-1023 K.

3.6. TPO Studies on Effective Suppression of Coke
Formation in the Conversion of Methane Together
with CO and CO, on Mo/HZSM-5 Catalyst

The TPO experiments were conducted to evaluate coke
formation on Mo/HZSM-5 catalysts after the reaction using
pure methane and a mixture of methane and CO (or CO;)
at 973 K for 6 h. Figure 10 shows the TPO patterns as a func-

tion of CO, formation on each sample of 3% Mo/HZSM-5.
The TPO studies demonstrated that the total amounts of
coke deposited on Mo/HZSM-5 catalyst were greatly re-
duced by adding various amounts of CO or CO; to the
methane feed gas. Using pure methane, irreversible or in-
ert coke (referred to the TPO peak at temperatures above
773 K) is preferentially formed on Mo/HZSM-5, which was
not easily oxidized to CO; in the TPO experiment. By the
addition of higher concentrations of CO (4.0-12%b) the re-
action of methane with CO preferentially reduced such in-
ert coke and left the more reactive coke as the TPO peak
at temperatures lower than 673 K, which may be associated
with Mo,C. On the other hand, addition of CO; (1.4-4.0%)
to methane feed gas more effectively reduced not only the
inert coke but also the reactive coke, leaving a small contri-
bution of the reactive coke, which is oxidized at tempera-
tures lower than 690 K. These TPO data are consistent with
the catalytic performance of methane aromatization by ad-
dition of CO; to methane feed, different from those of CO
addition as is discussed in Section 3.4. This is because of the
higher oxygen-donor ability of CO; to eliminate the surface
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carbon (coke) by forming CO (CO;, + C or CHy — 2CQO) on
Mo/HZSM-5 and Co/Fe-modified Mo/HZSM-5 catalysts at
the higher temperature of 973 K. The excessive addition
of CO, (more than 10%) to methane feed results in vital
suppression of surface-active carbon species to form aro-
matic products such as benzene and naphthalene.

3.7. lIsotopic Labeling Tracer Experiments in the
Dehydrocondensation of Methane with $3CO
on Mo/HZSM-5 Catalyst

To understand the role of CO in the methane aromati-
zation reaction, the 13CO + CH, reaction was conducted at
973 K in a closed circulating reaction system. The starting
composition of the mixture reactant is 8% *CO + 92% CH,
with a total pressure around 220 Torr. As shown in Fig. 11,
even at the early stage of the reaction or after 5-10 min,
13C atoms incorporated into methane (3CH,) and ethene
reached an equilibrium value of 8% on one carbon, and
the proportion of 3CO in carbon monoxide decreased to
18% from 99%, while the abundance of *C on one car-
bon in a benzene molecule formed was higher (12-15%)
than that at equilibrium (8%). GC-MS analysis of ben-
zene revealed 3C to be randomly distributed and multi-
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ply incorporated into a benzene molecule produced (up to
13¢,C,He) on the admission of 8% 3CO +92% CH,4 on
Mo/HZSM-5. These results suggest that the carbon de-
rived from CO is efficiently incorporated into the ben-
zene molecule in comparison with the isotopic scrambling
reaction between *CO and *2CH, which proceeds under
the reaction conditions at 973 K. Naito et al. conducted
the reaction of methane + 3CO (1:1 mixture) over silica-
supported Rh catalyst at 623 K in a closed gas circulation
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FIG. 8. Effectof4% CO addition to methane feed on 1 wt% Fe 3wt%
Mo/HZSM-5 at 973 K for (a) methane conversion (%), (b) selectivity of
coke formation (%), and (c) formation rate of benzene (nmol/s/g cat) on
carbon base versus time on stream (min).
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system. In line with our results, they observed that more
than 80% of the carbon in a benzene molecule comes from
B0, in forming of 3CgHg = 20%, *Cs?*CHg =55% and
1Bc,2CyHg =25% (17). It is conceivable that carbon [C]
derived from CO is effectively hydrogenated to a common
active carbon species CHy similar to those from methane,
which is converted to aromatics such as benzene and naph-
thalene.

Based on the TPO and **CO isotopic labeling experi-
ments, we suggest a mechanism in which CO has the unique
role in the methane aromatization reaction of stabilizing
catalyst performances and promoting benzene formation as
shown in Scheme 2. First, minute amounts of CO, and C are
formed from CO via the Boudart reaction [reaction (2)] on
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Mo/HZSM-5. [C] is reacted with hydrogen and/or methane

to form the active carbon intermediate species, CHy and

C,Hy, which are dehydrocondensed to the higher hydro-

carbons such as benzene and naphthalene on Mo/HZSM-5

catalyst with the help of acidic sites as shown in reactions
CHs £% CH.Ss CH, —>

R R
Hg o~ OQ0-

active [C(] ———> inert [C]

—————— 1
2C0 S5 COz+[C]  —oooiioo ()
CO2 + CHx(x=0~4) <5 2CO+x/2H2  ------ )

SCHEME 2. Proposed mechanism for promotion of CO/CO, addition
to methane feed to improve catalyst stability and reduce coke formation
on Mo/HZSM-5 catalysts.
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(1), while CO, reacts with the surface carbon species to re-
generate CO via reaction (2'). Similarly, CO, added to the
methane feed partly reacts with methane, producing double
moles of hydrogen and CO as reaction (2) and x = 4, giving
higher conversion of methane. Other CO, added effectively
reacts with the surface coke (carbon species) and surface hy-
drocarbon species (CHy and C,Hy species) as reaction (2').
Such effective consumption of surface intermediates with
an excess amount of CO; causes the marked suppression of
methane aromatization toward benzene and naphthalene.

Independently, it was found that negligible amounts of
aromatic products such as benzene and naphthalene were
detected in the reaction of CO+H; 1:2 (v/v) as in the
Fischer-Tropsch (FT) reaction on 3 wt% Mo/HZSM-5 un-
der the similar reaction conditions of 1 atm and 873-973 K,
although appreciable amounts of methane and CO, were
detected in the gas phase. The results imply that CO is
converted with methane, but not with hydrogen, toward
aromatic products such as benzene and naphthalene on
Mo/HZSM-5 catalyst. The FT reaction by CO and hydrogen
produces a lot of water and CO,, which poison the catalytic
formation of aromatic compounds on Mo/HZSM-5 cata-
lysts, although both the FT reaction and methane aromati-
zation are proposed to proceed via the common intermedi-
ates (CHy and C,Hy species).
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4. CONCLUSIONS

1. The addition of a few percent of CO and CO; to the
methane feed gas significantly promotes catalytic stability
in the dehydrocondensation of methane toward aromatic
products such as benzene and naphthalene on Mo/HZSM-5
and Co/Fe-modified Mo/HZSM-5 catalysts at 973 K, com-
pared with pure methane.

2. The reaction of methane with 1.6-12% CO on Co/Fe-
modified Mo/HZSM-5 catalysts yields higher selectivities
(70%0) of benzene formation at 5-12% methane conversion
and minimizes coke formation to less than 20% selectivity,
resulting in the promotion of catalytic performance and
improvement of catalyst stability.

3. Adding a few percent of CO; to the methane feed re-
sults in the promotion of catalyst stability in forming CO by
the reforming reaction (CO;+ CH,=2CO + 2H,) and/or
the reverse Boudart reaction (CO,+ C=2CO) at 973 K
on the catalysts. While excessive addition of CO; (>10%)
to the methane feed gas largely inhibits the formation of
aromatic products such as benzene, similarly to complete
poisoning by addition of a few percent of O..

4. The TPO studies demonstrated that the formation of
coke in the methane reaction with CO and/or CO; at 973 K
on Mo/HZSM-5 was effectively reduced, compared with
those using pure methane.

5. From the TPO and *CO isotopic labeling studies the
unique promotion of CO addition in the dehydroconden-
sation of methane to improve catalytic stability is discussed
in terms of the formation of CO, and C via the Boudart re-
action. The [C] formed is preferentially incorporated into
benzene and naphthalene over into methane, while CO; re-
acts with the coke to regenerate CO, resulting in effective
reduction of coke formation on the catalysts.
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