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The products of reactions occurring in a CH4–O2–NOx mixture have been investigated by in situ FTIR spectroscopy. The results show

that low temperatures favor the formation of HCHO and CH3OH, while high temperatures favor that of C2H4. Possible reaction

mechanisms based on the in situ observations are briefly discussed.
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1. Introduction

There have been many in situ IR studies of catalytic
activation of methane over solid catalysts, but little
attention has been paid to any simultaneous gas-phase
reactions involved. In situ IR studies of gas-phase cataly-
tic activation of methane have been rarely reported.
NOx-catalyzed gas-phase activation of methane [1–11]
has many advantages as far as performing an in situ IR
study is concerned. The absence of a solid catalyst,
together with the high IR sensitivities of the different
products, means that in situ observations can be carried
out with either very low or very high methane concentra-
tions, over a very wide temperature range. Furthermore,
since the nature of the product mixture obtained from
the activation of methane over a solid catalyst is believed
to be dependent on the surface structure of the latter, an
in situ IR study of the NOx-catalyzed gas-phase reaction
may provide an excellent reference point for comparing
what is occurring on different surfaces.

In a previous paper, we have shown that NOx is a
good catalyst for the oxidation of methane [12]. The
products obtained are mainly CO, H2, HCHO/
CH3OH, and C2H4/aromatics. In this paper we report
in situ IR experiments that allow us to study the forma-
tion of each of the products in detail. Possible reaction
mechanisms based on our in situ observations are briefly
discussed.

2. Experimental

The in situ experiments were carried out in a home-
made stainless steel infrared cell with quartz walls (i.d.

9mm) and a 15 cm path length. KBr windows cooled
by flowing water were used. An 8 cm heating element
wrapped around the cell allowed collection of in situ
spectra at elevated temperatures. The temperature was
monitored by means of a thermocouple located on the
outside of the cell and was calibrated by another thermo-
couple put in the cell under the same conditions. The
gases were controlled by mass flow controllers and pre-
mixed before entering the cell. In situ infrared spectra
were collected using a Bruker Vector 22 spectrometer
with a resolution of 2 cm�1. Reference spectra were
collected by flowing N2 through the cell at the same
temperature and flow rate as in the corresponding
reactions. The absorption due to water in some spectra
was subtracted.

3. Results and discussion

3.1. In situ IR study

Figure 1 shows the in situ infrared spectrum of the
20% CH4–10% O2–0.06% NO system at 600 8C.
Absorption peaks due to CO2 (2390–2280 cm�1), CO
(2250–2000 cm�1), HCHO (1745 cm�1), CH3OH
(1033 cm�1), and C2H4 (949 cm

�1) can be observed.
In situ FTIR investigation shows that the amount of

each product formed varies significantly with the
reaction conditions. The most important variable is the



then decrease, but HCHO can be observed until 800 8C,
while CH3OH becomes undetectable above 720 8C. The
amount of C2H4 increases monotonically with tempera-



and

NO2 þ CH4 ! HNO2 þ CH3
:

O2 þHNO: ! OH:þNO2

O2 þHNO: ! HO2
:þNO

Methane is subsequently oxidized to formaldehyde by
the following pathway:

OH:þ CH4 ! H2Oþ CH3
:

HO2
:þ CH4 ! H2O2 þ CH3

:

CH3
:þO2 ! H2COþOH:

Tabata et al. [9] calculated the transition barriers of
various reactions involving CH4 þO2 þNOx and sug-
gested the following reaction model:

NO2 þ CH4 ! HNO2 þ CH3
:

NO2 þ CH4 ! trans-HONOþ CH3
:

CH3
:þNO2 ! CH3NO2

CH3
:þNO2 ! trans-CH3ONO

trans-CH3ONO ! CH3O:þNO

CH3O:þ CH4 ! CH3OHþ CH3
:

CH3O: ! HCHO þH:

CH3O:þO2 ! HCHO þHO2

CH3O:þNO2 ! HCHO þHNO2

CH3O:þNO ! HCHO þHNO

These mechanisms suggest that methane may be
activated by either NO or NO2. The appearance of
HNO2 signals would clearly indicate the pathway
initiated by NO2, since CH4 may react with NO2 to
produce CH3 and HNO2. HNO2 is unstable at room
temperature and decomposes via the following reaction:

2HONO ! NOþNO2 þH2O

This may be the reason that no HNO2 absorption is
observed in our on-line IR spectra. Under the same
reaction conditions, the fact that the CH4–NO system
also gives no similar absorption in this region provides
further evidence to support the conclusion that the
activation of methane is initiated by NO2.

The variations in product concentration (based on IR
peak area) with reaction temperature observed in our
experiments (figure 5) are partly consistent with the

Figure 4. In situ FTIR spectra of CH4–O2–NO (a) and H2–O2–NO (b). The

asterisks indicate NO stretching vibrations of HONO.

Figure 5. Variation of integrated peak area with reaction temperature

for CH2O (� ¼ 1745 cm�1, g), CH3OH (� ¼ 1033 cm�1, l), C2H4

(� ¼ 950 cm�1, T), and CO (� ¼ 2200 cm�1, h). Reaction conditions:

CH4, 20%; O2, 10%; NO, 600 ppm; N2, balance; flow rate, 80ml/min.

Figure 6. Variation of free energy change (a) and enthalpy change (b) with temperature for formation of various products (per mol of methane): CH3OH,g;

HCHO, l; C2H4, T; C6H6, h.
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mechanism proposed by Tabata et al. [9]. They suggested
that CH3 is first produced through reaction of CH4 and
NO2, and CH3 then reacts with NO2 to produce
CH3NO2 and trans-CH3ONO, which decompose into a
key intermediate, CH3O. The free radical CH3O reacts
with O2 or NOx to produce HCHO, and with CH4 to
produce CH3OH. The transition barriers of HCHO
formation are lower than those for CH3OH formation,
and therefore higher temperatures are required for the
latter. Our results show that HCHO begins to form at
a temperature some 20 8C lower than that at which
CH3OH is first observed.

In our in situ spectra, no CH3ONO or CH3NO2 was
detected. It is noteworthy that Otsuka et al. reported a
high selectivity to CH3NO2 (about 20%) with a CH4/
O2 ratio of 2 :1 at a temperature of 500 8C [7].

It should also be noted that neither of the mechanisms
proposed by McConkey or Tabata can explain the
formation of ethylene and aromatics in the products.

Thermodynamic analysis demonstrates that the
formation of ethylene and benzene is more favorable
relative to HCHO when the hydrogen atoms in the
methane are partly converted to H2O. It can be seen
from figure 6 that in that case the formation of ethylene
is actually slightly more thermodynamically favorable (in
terms of both �H and �G) than that of CH3OH. How-
ever, when the hydrogen atoms in the methane are partly
converted to H2, the formation of ethylene or benzene is
not thermodynamically allowed even at temperatures
above 800 8C, as shown in figure 7. In conclusion, the
calculations and experimental results presented here

strongly suggest that the formation of HONO is a key
intermediate in the reaction studies and that formation
of ethylene and aromatics needs to be considered in
further mechanistic studies.
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Figure 7. Variation of free energy change (a) and enthalpy change (b) with temperature for a series of reactions which lead to formation of hydrogen (per

mol of methane): CH3OH, g; HCHO, l; C2H4, T; C6H6, h.
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