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Enhancement of methanol selectivity in the products of the di-
rect selective oxidation of methane with CH4–O2–NO in a gas-phase
reaction was examined using a Cu–ZnO/Al2O3 catalyst. Three dis-
tinct reaction paths over the Cu–ZnO/Al2O3 catalyst were detected
in the gas-phase selective oxidation of methane in CH4–O2–NO.
The formation of CH3OH from CH2O–H2 and the water–gas shift
reaction of CO–H2O progressed chiefly at around 250◦C over Cu–
ZnO/Al2O3 catalyst. The steam reforming reaction of CH3OH pro-
gressed over the same Cu–ZnO/Al2O3 catalyst at around 350◦C and
higher. Both CH3OH and CH2O were observed as C1-oxygenates
at 550◦C in the gas-phase selective oxidation of methane in CH4–
O2–NO, but only CH3OH was observed as a C1-oxygenate in the
presence of Cu–ZnO/Al2O3 catalyst in addition to the gas-phase se-
lective oxidation of methane. The complete exhaustion of oxygen in
the gas-phase selective oxidation of methane in CH4–O2–NO was a
key to the effective use of Cu–ZnO/Al2O3 catalyst. Of the two re-
actions, CH3OH formation and water–gas shift over Cu–ZnO cata-
lyst, the water–gas shift reaction progressed more over the catalyst
with a higher surface area and with a lower surface Cu/Zn atomic
ratio. c© 2001 Academic Press

Key Words: selective oxidation; methane; methanol; NOx; Cu–
ZnO/Al2O3.

INTRODUCTION

Direct selective oxidation of methane to C1-oxygenates
(methanol and formaldehyde) with oxygen is a potentially
important process not only for the effective use of natural
gas resources but also for minimization of energy consump-
tion. Various research studies on noncatalytic or catalytic
oxidation of methane to oxygenates have been carried out
since the early 1900s, but the main products were still car-
bon oxides (1–4). The rate-determining step in the direct
selective oxidation of methane is the first hydrogen abstrac-
tion from methane. Therefore much research using initia-
tors or sensitizers has been carried out to reduce the activa-
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tion energy of the first hydrogen abstraction from methane.
NOx (x= 1, 2) has been reported to be an effective ini-
tiator for the activation of methane (5–9). Very recently,
Teng et al. (10) and Tabata et al. (11) systematically exam-
ined the effects of variation of reaction conditions on the
yield of C1-oxygenates in the gas-phase selective oxidation
of methane in CH4–O2–NOx (x= 1, 2). The selectivity of
both methanol and formaldehyde depended strongly on the
reaction conditions, i.e., NOx concentration, CH4/O2 ratio,
and space velocity (SV); however, these two products were
always observed more or less in the reactions examined.
It is important to control the selectivities of methanol and
formaldehyde in the products for application as a practi-
cal process in the gas-phase selective oxidation of methane.
We examined enhancement of the selectivity of methanol,
which is a more admirable product in the selective oxidation
of methane. Cu–ZnO-based catalyst is well known catalyst
its high performance not only in a water–gas shift reaction
(12) but also in a methanol synthesis reaction from CO/H2

(13, 14). We attempt to examine the enhancement of selec-
tivity of methanol in the gas-phase direct selective oxida-
tion of methane using Cu–ZnO supported on Al2O3 cata-
lyst through the catalytic hydrogenation of products in the
gas-phase selective oxidation of methane in CH4–O2–NO.
It is expected that hydrogen will be produced through the
water–gas shift reaction (WGSR) between CO and H2O.
The WGSR could progress over Cu–ZnO/Al2O3 under a
reduction conditions. No research has been reported on the
application of the WGSR so as to enhance the selectivity of
methanol in the direct selective oxidation of methane as far
as we know. We examine the catalytic performance of Cu–
ZnO/Al2O3 catalyst in the selective oxidation of methane
so as to enhance the selectivity of methanol in the products.

EXPERIMENTAL

CH4–O2–NO reaction. Highly purified methane
(>99.9995%), oxygen (>99.9999%), and 3.0% NO (Ar
balance) were mixed with argon (>99.9999%). The
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standard feed gas composition (77.5% CH4, 5.8% O2, 0.5%
NO, Ar balance) was controlled with a mass flow controller
except in the test on the effects of the CH4/O2 ratio. A
quartz tube (7-mm i.d.) was mounted inside a stainless-steel
tube (13.8-mm o.d.) to minimize the effects of the reactor
wall. This quartz tube was heated for the gas-phase selec-
tive oxidation of methane with an electric furnace from the
outside of the stainless-steel tube; the length of the heated
zone was 100 mm. The temperature of the gas-phase reac-
tion was measured at the center part of the electric furnace
with a thermocouple, which was mounted in the center of
the reactor. The thermocouple was covered with a quartz
tube (3-mm o.d.) to avoid any reactions on the surface of
the thermocouple. Two types of commercial Cu–ZnO sup-
ported on Al2O3 catalyst were obtained from Catalysts and
Chemicals Inc, Far East. The catalyst was mounted 150 mm
downstream from the end of the heater. The temperature
of the catalyst was measured from outside the reactor with
a thermocouple. Since the temperature of the mounted
catalyst was less than 150◦C without heating during the gas-
phase reaction at 550◦C, we controlled the temperature of
the catalyst at 250◦C with the other heater. The length of this
heater was 100 mm. We used mechanical seals to connect
the quartz and stainless-steel tubes, avoiding direct contact
between reaction gas and the stainless-steel tube. Except for
the tests on the effects of SV, the reaction gas was stabilized
at 120 ml min−1 (SV= 15,700 h−1) in every test. SV was cal-
culated by dividing the gas flow volume per 1 h at 25◦C and
atmospheric pressure by the volume of the catalyst (0.5 g).
The reaction pressure was kept at 0.5 MPa. The mixed gas
was fed from the bottom side of the reactor. Products were
analyzed with two on-line gas chromatographs. Carbon
monoxide, carbon dioxide, ethane, ethene, formaldehyde,
methanol, and nitromethane were detected with a flame
ionization detector (FID, Gaskuropack 54) using a meth-
anizer. Methane and oxygen were detected with a thermal
conductivity detector (TCD, activated carbon). The carbon
balance between the reactants and the products exceeded
95%. Every feed gas was mixed just before the inlet of the
reactor. All of the gas lines from the exit of the reactor up
to the gas chromatograph were heated at 120◦C to avoid
condensation. All the experiments were repeated at least
three times to check reproducibility. The deviation of ex-
perimentally obtained results was less than ±1%.

CH2O–H2 reaction. The same two types of Cu–ZnO/
Al2O3 commercial catalysts were pretreated in a hydrogen–
argon stream (10% H2, 100 ml/min) at 250◦C for 3 h. Cata-
lytic hydrogenation of formaldehyde with these catalysts
was carried out at atmospheric pressure with a conventional
fixed-bed continuous flow quartz tube reactor (10.5-mm
i.d.). The temperature of Cu–ZnO/Al2O3 was measured
in the center of the electric furnace with a thermocouple,
which was mounted in the center of the catalyst. The ther-
mocouple was covered with a quartz tube (3-mm o.d.). The

temperature of the catalyst was controlled with an elec-
tric furnace from outside the quartz tube; the length of the
heated zone was 100 mm. Commercial formaldehyde solu-
tion (37.0 wt% formaldehyde, 7.0 wt% methanol; Sigma–
Aldrich Japan K.K.) was used as the source of formalde-
hyde. Formaldehyde solution was supplied with a micro-
high-performance liquid chromatography pump, and it was
evaporated in an evaporator. Standard reaction conditions
were as follows: catalyst weight, 1.00 g; feed gas composi-
tion, CH2O 5.0%, H2 38.6%, CH3OH 0.9%, H2O 12.7%,
Ar balance; total flow rate, 70 ml/min. The products were
analyzed with an on-line gas chromatograph with a FID
(Gaskuropack-54). The conversion of formaldehyde was
calculated on the basis of the amount of formaldehyde
supplied. The selectivity of methanol was calculated as
modified selectivity. The amount of methanol subtracted
(i.e., the amount of methanol in the feed gas was sub-
tracted from the amount of methanol produced) in the
products was used as the amount of converted formal-
dehyde.

Water–gas shift reaction of CO. The water–gas shift
reaction of CO was examined over Cu–ZnO/Al2O3 with
the same reactor used in the reaction of CH4–O2–NO at
0.5 MPa. The catalyst was mounted at the center of the
electric furnace. The sample weight was 0.5 g. The temper-
ature of Cu–ZnO/Al2O3 was measured in the center of the
electric furnace with a thermocouple, which was mounted
in the center of the catalyst. The temperature of the cata-
lyst was controlled with an electric furnace from outside
the stainless-steel tube; the length of the heated zone was
100 mm. The feed gas composition was as follows: CO
6.4%, CO2 8.2%, H2O 42.6%, H2 41.2%, CH4 1.6%. H2O
was vaporized in front of the entrance to the reactor with
an electric heater. The total flow rate was 10 ml/min. The
temperature of the catalyst was 250◦C. The products were
analyzed with two on-line gas chromatographs. Carbon
monoxide and carbon dioxide were detected with a FID
(Gaskuropack 54) using a methanizer. Methane and hy-
drogen were detected with a TCD (activated carbon).

Simulation of thermodynamic equilibrium of products.
The calculations of thermodynamic equilibrium were car-
ried out with the CHEMKIN III program (15, 16) using the
thermodynamic database of Kee et al. (17). The EQUIL
software package was used as the application code of the
calculations. Thermodynamic equilibrium was calculated
under the same reaction conditions as in the experiment
minimizing the free energy of the products.

Characterization of Cu–ZnO/Al2O3. The atomic ra-
tio Cu : Zn : Al of the sample was measured with energy-
dispersive X-ray spectroscopy (EDX, KEVEX-Sigma).
BET specific surface area was determined by N2 adsorp-
tion at 77 K. The XRD (powder X-ray diffraction) pat-
tern was recorded with an X-ray diffractometer (RINT
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2000, Rigaku) using CuKα radiation. The surface of sample
was examined by X-ray photoelectron spectroscopy (XPS,
ESCA-3200, Shimadzu) with an MgKα X-ray source oper-
ating at 8 kV and 20 mA. Cu 2p, Zn 2p, Al 2p, O 1s, and C
1s levels spectra were investigated and their binding ener-
gies were calibrated using the main peak of the C 1s level
spectrum of contaminated carbon at 284.8 eV as an internal
reference.

RESULTS

3.1. Characterization of Cu–ZnO/Al2O3

The Cu : Zn : Al atomic ratios of the two samples ob-
tained were examined with EDX. The Cu : Zn : Al ratios for
two samples were 39.7 : 40.8 : 19.5 (denoted sample A) and
23.7 : 41.3 : 35.0 (denoted sample B). The specific surface
areas were 68.7 and 93.1 m2/g, respectively. XRD patterns
of these samples were almost identical, and several peaks
assignable to ZnO and CuO and confused other peaks were
observed in the spectra of the untreated samples. These
XRD patterns showed the samples were mixed states. The
surface Cu/Zn atomic ratios were calculated from the pro-
portion of each peak area of the Cu 2p level and the Zn
2p level spectra measured with XPS. With respect to each
sensitivity factor, the set of elemental sensitivity factors of
the equipment was used. The Cu–Zn ratios of samples A
and B were 0.88 and 0.65, respectively.

Figure 1 shows the selectivities of products in methane
selective oxidation in the absence of catalyst and in the
presence of Cu–ZnO/Al2O3 catalyst. The selectivity of ev-
ery product was measured after reaction for 180 min. The
temperature of the gas-phase reaction and that of the cata-
lyst were stabilized at 550 and 250◦C, respectively. Methane

FIG. 1. Effects of catalysts on product selectivities. Catalyst: (1) in the
absence of catalysts, (2) in the presence of sample A, (3) in the presence
of sample B. Catalyst weight: 0.5 g. Flow rate: 120 ml min−1. Reaction
pressure: 0.5MPa. Gas-phase reaction temperature: 550◦C. Catalyst bed
temperature: 250◦C. Feed gas composition: 77.5%, CH4; 5.8%, O2; 0.5%,
NO; 16.2%, Ar, respectively. CH4 conversion: (1) 5.5%, (2) 5.4%, (3) 5.4%.
Each selectivity was measured after reaction for 180 min.

FIG. 2. Variation of product selectivity with reaction time using a Cu–
ZnO/Al2O3 catalyst. Catalyst: sample A. Catalyst weight: 0.5 g. Flow rate,
reaction pressure, reaction temperature, catalyst bed temperature, and
feed gas composition are as in Fig. 1.

conversions were almost the same (5.3–5.5%) as shown in
the figure caption. The products in the reactions of CH4–
O2–NO in the absence of catalyst were CH3OH, CH2O,
CO, and a few CO2 and C2H6. The selectivities of prod-
ucts clearly changed from the absence to the presence of
Cu–ZnO/Al2O3 catalyst. The selectivities of CH3OH and
CO2 increased and those of CH2O and CO decreased in
the presence of both samples A and B. CH2O was hardly
detected in the presence of these catalysts. Only CH3OH
was observed as the oxygenate in the products in the pres-
ence of Cu–ZnO/Al2O3. The selectivity of CH3OH in the
presence of sample A was almost the same as that of sample
B. The selectivities of CO2 and CH3NO2 increased more in
the presence of sample B than sample A.

Figure 2 shows the variation of selectivity as a function
of the time course of the direct selective oxidation of CH4

in the presence of sample A. The reaction conditions were
the same as those described in Fig. 1. All CH4 conversion
values through the reaction from 20 min to 300 min were
almost the same (5.4–5.6%). The selectivities of products
clearly changed with reaction time, and almost stabilized
after 180 min. CO2 was the main product at 20 min; there-
after the selectivities of CO and CH3OH increased until
180 min. CH2O was hardly observed through the reaction.
These variations of selectivities in the course of reaction
time were not observed in the absence of catalyst.

Figure 3 shows the effects of catalyst weight variations
with sample A on the selectivities of the products. All of the
reaction conditions were the same as described in Figs. 1 and
2. CH4 conversion at 550◦C in the absence of catalyst was
5.5 %. All CH4 conversion values in the presence of sample
A were included in the region 5.3–5.6%. Product selectivity
was measured after reaction for 180 min. The selectivity of
CH3OH increased up to 0.5 g, then slightly decreased. The
selectivity of CH2O disappeared in the presence of more
than 0.1 g of sample A catalyst.
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FIG. 3. Effects of catalyst weight on product selectivity. Catalyst: sam-
ple A. Reaction time: 180 min except for the catalyst weighting 1.0 g
(380 min). Flow rate, reaction pressure, reaction temperature, catalyst bed
temperature, and feed gas composition are as in Fig. 1.

The conversion and selectivity of gas-phase reaction tem-
peratures at both 500 and 550◦C in the presence and absence
of catalysts are listed in Table 1. Every test in the presence
of catalyst was examined with sample A. Catalyst temper-
ature was stabilized at 250◦C in every test. The selectivity
of every product was measured after reaction for 180 min.
The selectivities of CH3OH in the absence of catalyst were
almost the same at 500 and 550◦C. The CH2O produced was
partly oxidized to CO at 550◦C in the absence of catalyst. In
marked contrast to these variations between 500 and 550◦C
in the absence of catalyst, CH3OH, CH2O, and CO were al-
most oxidized to CO2 at 500◦C in the presence of sample
A catalyst. The selectivities of CH3OH and CO were raised
at 550◦C in comparison with those at 500◦C in the presence
of Cu–ZnO/Al2O3; however, the selectivity of CH2O was
still low at 550◦C in the presence of catalyst. Moreover, the
selectivity of CH3OH in the presence of catalyst exceeded
that at 550◦C in the absence of catalyst. The selectivity of
CO at 550◦C in the presence of catalyst was close to that at
550◦C in the absence of catalyst. The selectivity of CO2 was
quite smaller than that at 500◦C in the presence of catalyst.

TABLE 1

Effects of the Gas-Phase Reaction Temperature in the Absence and Presence of Cu–ZnO-Based Catalysts

Conversion (%) Selectivity (%)
Temp. Catalyst

No. (◦C) (g) CH4 O2 CH3OH CH2O CO CO2 C2H4 C2H6 CH3NO2

1 500 0a 3 57.2 21 17.8 48 6.9 0 0.3 6
2 500 0.5 3.3 85.8 0 0.4 0.1 99.5 0 0 0
3 550 0a 5.5 99 21.4 10.1 63.3 4.4 0 0.8 0
4 550 0.5 5.4 99.5 28.8 0.1 60.2 9.5 0 1 0.4

Note. Catalyst: sample A, flow rate: 120 ml min−1, reaction pressure: 0.5 MPa, reaction time: 180 min, catalyst bed
temperature: 250◦C; feed gas composition: 77.5% CH4, 5.8% O2, 0.5% NO, 16.2% Ar.

a In the absence of the catalyst.

FIG. 4. Effects of catalyst bed temperature on product selectivity.
Catalyst: sample A. Catalyst weight 0.5 g. Flow rate, reaction pressure,
reaction temperature, reaction time, and feed gas composition are as in
Fig. 1.

These differences between 500 and 550◦C were assumed
to be brought about by the differences of amount of re-
maining oxygen over the catalysts. The conversions of O2

at 500 and 550◦C in the presence of sample A were 85.8 and
99.5%, respectively. Oxygen in the feed gas was almost used
up at 550◦C in the gas-phase selective oxidation of CH4.
Taylor et al. (18) reported that CO was oxidized to CO2

in the presence of O2 over Cu–ZnO catalyst. We assumed
that CH3OH, CH2O, and CO were oxidized to CO2 at 500◦C
over Cu–ZnO/Al2O3 catalyst with oxygen.

Figure 4 shows the effects of catalyst temperatures on
the selectivities of products in the reaction of CH4–O2–NO
with sample A. The temperature of the gas-phase selec-
tive oxidation of CH4 was 550◦C in every test. All CH4

conversion values through the variation of catalyst tem-
perature were almost the same (5.4–5.7%). CH2O was
observed at temperatures lower than 250◦C in the pres-
ence of catalyst. The selectivity of CH3OH increased up to
300◦C, then rapidly decreased above 300◦C. The selectivity
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FIG. 5. Effects of space velocity on product selectivity. Catalyst: sam-
ple A. Catalyst weight: 0.5 g. Flow rates were 60 ml min−1 (SV= 7800 h−1),
120 ml min−1 (SV= 15,600 h−1), and 240 ml min−1 (SV= 31,200 h−1). Re-
action pressure, reaction temperature, catalyst bed temperature, reaction
time, and feed gas composition are as in Fig. 1.

of CO varied slightly through the change in temperature of
Cu–ZnO/Al2O3 from 150 to 350◦C. The selectivity of CO2

increased rapidly above 300◦C, in marked contrast to the
decrease in selectivity of CH3OH. Breen et al. (19) reported
that the reactivities of the steam reforming of methanol
over Cu–ZnO/ZrO2/Al2O3 were increased above around
350◦C. We assumed that the steam reforming reaction be-
tween the CH3OH and H2O produced over Cu–ZnO/Al2O3

progressed from around 350◦C:

CH3OH+H2O = CO2 + 3H2. [1]

Figure 5 shows the effects of SV variation on the selec-
tivities of products in the presence of sample A. All CH4

conversion values through the variation in SV were in the
region 5.3–5.6%. Through the variation of SV from 7800 h−1

(60 ml min−1) to 31,200 h−1 (240 ml min−1) at 550◦C, the
selectivity of every product, i.e., CH3OH, CO, CO2, and
others, hardly changed.

Figure 6 shows the effects of CH4/O2 ratio on the selec-
tivities of products in the presence of sample A. Conversion
of CH4 is also shown in the figure. The temperature of the
gas-phase reaction of CH4 was stabilized at 550◦C in ev-
ery test. Catalyst temperature was 250◦C in every test. CH4

conversion decreased monotonously with decreasing pro-
portion of oxygen. The selectivity of CO slightly decreased
and those of CH3OH and CO2 slightly increased in the re-
gion of a higher proportion of CH4.

DISCUSSION

First, we measured the amount of hydrogen produced
with the same gas chromatographs to determine the re-
action path of formation of CH3OH over Cu–ZnO/Al2O3

FIG. 6. Effects of ratio of CH4 to O2 in the feed gas on product se-
lectivity. Catalyst: sample A. Catalyst weight: 0.5 g. Flow rate, reaction
pressure, reaction temperature, catalyst bed temperature, and reaction
time are as in Fig. 1.

catalyst. Therefore, we lowered the temperature of the col-
umn for TCD from 90 to 60◦C. Reaction conditions were
the same as in Fig. 1. The ratio of volume of hydrogen pro-
duced to that of methane reacted was 0.32 in the absence
of catalyst. That ratio in the presence of sample A was 0.39.
The temperature of the catalyst was 250◦C.

Second, we calculated the thermodynamic equilibrium
values of products using the CHEMKIN III program
so as to discuss the reaction paths over Cu–ZnO/Al2O3

(Table 2). The initial molar proportion of simulation gas
in Run 1 in the table was almost the same as the exper-
imentally observed one, i.e., CO 0.01, H2 0.03, inert gas
0.96. The expected selectivity of methanol, which was calcu-
lated from the equilibrium values predicted for methanol,
CO, CO2, and CH2O as given in the table footnote, was
0.0046%. The expected selectivity of methanol from CO2

and H2 under the same reaction conditions was 0.0007%.
The production of methanol from CO/H2 or CO2/H2

under these reaction conditions could not be expected. In

TABLE 2

Thermodynamic Simulation of the Equilibrium
Methanol Formation

Equilibrium
Initial state (%) CH3OH

Pressure Temp. formationa

Run (MPa) (◦C) CO CO2 H2 CH2O inert gas (%)

1 0.5 250 1 — 3 — 96 0.00462
2 0.5 250 — 1 3 — 96 0.000672
3 0.5 250 — — 1.2 0.4 98.4 99.0
4 0.1 250 — — 1.2 0.4 98.4 95.1

Note. Used simulation software: CHEMKIN III EQUIP application
software.

a Equibrium CH3OH formation (%)= 100× [CH3OH]eq./[CO+
CO2 + CH2O+CH3OH]eq..
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contrast to these results, the predicted selectivity of
methanol produced through the reaction between CH2O
and H2 was 99.0% under reaction conditions close to those
described in Fig. 1. This predicted selectivity of methanol
produced via CH2O was 95.1% even when the reaction
pressure was 0.1 MPa (Table 2). We experimentally checked
the reactions of CO/H2 and CO2/H2 in the same reactor with
the Cu–ZnO/Al2O3 catalyst (sample A). The feed gas com-
position was 1% CO or 1% CO2 and 3% H2 with Ar as a
balanced gas. The temperatures of the gas-phase reaction
of CH4 and catalyst and reaction pressure were the same
as those in Fig. 1. Production of CH3OH was not detected
with gas chromatographs in the reactions of both CO/H2

and CO2/H2 with sample A catalyst.
We experimentally examined the reactivities of Cu–

ZnO/Al2O3 catalysts in the hydrogenation of CH2O (Fig. 7).
The procedures were described under Experimental. Reac-
tion pressure was 0.1 MPa. CH2O conversion increased with
catalyst temperature, and reached 100% in the region from
150 to 200◦C with the Cu–ZnO/Al2O3 catalysts. The selec-
tivity of the CH3OH produced fell quickly above 150◦C.
The selectivity of CH3OH in the products was close to 0%
at 200◦C with the sample A catalyst. CO2 (95.6%) and CO
(1.8%) were observed at 200◦C in the products. Other prod-
ucts were not observed at 200◦C, however; methyl formate

FIG. 7. CH2O conversion and CH3OH selectivity as functions of re-
action temperature. Catalyst: sample A. Catalyst weight: 1.0 g. Flow rate:
70 ml/min. Reaction pressure: 0.1 MPa. Feed gas composition: CH2O: 5.0%
H2: 38.6%; CH3OH: 0.9%; H2O: 12.7%; Ar: balance.

and formic acid were detected at reaction temperatures
lower than 200◦C. We therefore considered the reaction
pathways over the sample A catalyst at 200◦C as

CH2O+H2 = CH3OH [2]

and Eq. [1]: CH3OH + H2O = CO2 + 3H2. H2O was in-
cluded in the feed gas (12.7%). With respect to the small
selectivity of CO at 200◦C in the products, a few CH2O
might be dissociated over the catalyst:

CH2O = CO+H2. [3]

We examined the effects of temperature of Cu–ZnO/Al2O3

catalyst on the selectivity of products (Fig. 4). The selectiv-
ity of CH2O decreased above 200◦C but that of CH3OH
reached the maximum at 300◦C in Fig. 4. However, the se-
lectivity of CH3OH decreased quickly above 150◦C in Fig. 7.
The temperature difference at maximum CH3OH selectiv-
ity in Figs. 4 and 7 could be a result of the difference in
reaction conditions, especially the amount of H2O in the
reactant gas.

From the calculated values of thermodynamic equilib-
rium of CH3OH produced in the reactant gases of CO/H2,
CO2/H2, and CH2O/H2, we assumed the CH3OH produced
over Cu–ZnO/Al2O3 catalyst in the reactions of CH4–O2–
NO was produced in the reaction of Eq. [2]. The experi-
mental results of the reactions in the reactant gases CO/H2,
CO2/H2, and CH2O/H2 also suggested that the pathway of
formation of CH3OH in the reaction of CH4–O2–NO in
the presence of Cu–ZnO/Al2O3 catalyst was CH2O hydro-
genation.

With respect to the variation of selectivity in the time
course of the reaction of CH4–O2–NO in the presence of
Cu–ZnO/Al2O3 catalyst in Fig. 2, we considered that O2

in the reactant gas was gradually consumed through the
progress of the gas-phase selective oxidation of methane.
Cu–ZnO/Al2O3 catalysts therefore were gradually reduced
with the decreases in the amount of O2 in the reactant
gas, then catalyzed the formation of CH3OH in Eq. [2].
Kakumoto and Watanabe (20) reported that methanol syn-
thesis from CO2 and H2 over a Cu–ZnO catalyst pro-
ceeded on the Cu(I) site of the catalyst through formate
and formaldehyde intermediates from their theoretical cal-
culation with the ab initio methods. Therefore the variation
of Cu–ZnO/Al2O3 catalyst, especially the copper state, ac-
companied by the variation of O2 concentration in the re-
actant gas brought about the variation of selectivity in the
time course of the reaction of CH4–O2–NO in the presence
of Cu–ZnO/Al2O3 catalyst in Fig. 2.

We ensured the presence of H2 in the products of the
reaction of CH4–O2–NO in both the absence and presence
of Cu–ZnO/Al2O3 catalyst as mentioned above. It was en-
sured that the hydrogen and CH2O in the products re-
acted to produce CH3OH over Cu–ZnO/Al2O3 catalyst.
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Moreover, the ratio of H2 produced to CH4 reacted in-
creased (0.32–0.39) in the presence of Cu–ZnO/Al2O3 cata-
lyst in the reaction of CH4–O2–NO. The selectivity of
CO decreased and that of CO2 increased with the Cu–
ZnO/Al2O3 catalyst in comparison to the absence of the
catalyst as shown in Table 1 (gas-phase reaction tempera-
ture: 550◦C; Cu–ZnO/Al2O3 catalyst temperature: 250◦C).
We suspected the coexistence of the water–gas shift reac-
tion (12),

CO+H2O = CO2 +H2, [4]

over the Cu–ZnO/Al2O3 catalyst (sample A) in the reaction
of CH4–O2–NO.

We experimentally examined the reactivity of Cu–
ZnO/Al2O3 catalyst in the WGSR using the same reac-
tor as in the reaction of CH4–O2–NO. Reaction pressure
was 0.5 MPa. The temperature of the sample A catalyst
was 250◦C. Percentages of CO (6.4%) and H2O (42.6%)
in the feed gas decreased to 0.6 and 36.8%, respectively,
through the WGSR in the presence of sample A catalyst.
The products of WGSR, CO2 and H2, increased in com-
parison to those in the feed gas, respectively (CO2: 8.2 →
14.0%;H2 41.2→ 47.0%). Therefore we ensured that the
WGSR and the formation of CH3OH in Eq. [2] progressed
simultaneously over the Cu–ZnO/Al2O3 catalyst at 250◦C
in the reaction of CH4–O2–NO.

We suggested two reactions, i.e., Eqs. [2] and [4], over
Cu–ZnO/Al2O3 catalyst at 250◦C as the catalyst tempera-
ture. The selectivity of CH3OH was almost the same with
sample A and sample B (Fig. 1). However, the selectivi-
ties of CO and CO2 were clearly different as shown in the
figure. The selectivity of CO decreased and that of CO2

increased with the sample B catalyst at 250◦C. It was as-
sumed that the water–gas shift reaction progressed more
over sample B catalyst. The XRD spectra of these sam-
ples were almost the same. We assumed the differences in
Cu/Zn atomic ratio measured with XPS on the surface of
the catalyst (sample A: 0.88, sample B: 0.65) and/or spe-
cific surface area (sample A: 68.7 m2/g, sample B: 93.1 m2/g)
brought about the difference in selectivities of CO and CO2

in the products (Fig. 1). The lower surface ratio of Cu/Zn
and/or higher specific surface area could be effective in
promoting the WGSR over Cu–ZnO/Al2O3 catalyst. How-
ever, the formation of CH3OH was not affected by these
differences.

CONCLUSIONS

Three distinct reaction paths over Cu–ZnO/Al2O3 cata-
lyst were detected in the gas-phase selective oxidation of
methane in CH4–O2–NO. The formation of CH3OH from
CH2O–H2 and the water–gas shift reaction of CO–H2O
progressed at around 250◦C over Cu–ZnO/Al2O3 catalyst.
The steam reforming reaction of CH3OH also progressed

over Cu–ZnO/Al2O3 catalyst at around 350◦C and above.
Both CH3OH and CH2O were observed as C1-oxygenates
at 550◦C in the gas-phase selective oxidation of CH4 in CH4–
O2–NO without Cu–ZnO/Al2O3 catalyst, but then only
CH3OH was observed in the presence of Cu–ZnO/Al2O3

catalyst in addition to the direct gas-phase selective oxi-
dation of methane. Catalyst temperature was 250◦C and
reaction pressure was 0.5 MPa. Although the selectivity
of CH3OH was almost the same, the selectivity of CO de-
creased and that of CO2 increased in the products of the
reaction of CH4–O2–NO in the presence of catalyst with
a lower surface Cu/Zn atomic ratio and a higher specific
surface area.
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