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NO reduction by CH, was conducted in a quartz microreactor
from 773 to 953 K over a series of nonmetallic catalysts typically
used for CH, oxidative coupling—MgO, 1 wt% Li/MgO, 4 wt%
Li/MgO, and 16 wt% Li/MgO. This represents a new family of
catalysts for NO reduction by CH, which has not previously been
investigated. All four catalysts were active for NO reduction in the
absence of molecular O,, but the specific activities of N, formation
(umol N,/s-m?) over the Li/MgO samples were almost five times
higher than that over pure MgO, indicating that lithium promotes
NO reduction; however, NO reduction was not a strong function
of lithium loading. No direct NO decomposition occurred over any
sample in the absence of CH,. The apparent activation energy for
NO reduction to N, by CH, over all four catalysts was 29.0 =
1.1 kcal/mol; thus, there was no correlation between activation
energies and lithium loadings. For these four catalysts at 923 K
in the absence of oxygen, reaction orders in CH, and NO were
approximately 0.73 = 0.11 and 0.43 * 0.05, respectively. Over
all the samples, N,, CO,, and smaller amounts of N,O were ob-
served as products with our GC column; little or no NO, formation
occurred based on N, balances. Selectivity to N, increased and
that to N,O decreased with increasing reaction temperature. These
catalysts were also active with O, in the feed but NO conversion
decreased and CH, conversion increased, although the inhibiting
effect of O, on NO reduction to N, was less at a higher temperature.
The apparent activation energy in the presence of 1.0% O, shifted
to a higher value of 35.0 = 1.0 kcal/mol with all four catalysts,
and a negative reaction order in O, of —0.54 = 0.13 was determined
at 923 K. Over the three Li/MgO catalysts, the apparent activation
energy for N,O formation was 19.7 = 1.8 kcal/mol. © 1994 Aca-

demic Press, Inc.

INTRODUCTION

The reduction of NO, (NO and NO,) to N, is an im-
portant air emission control challenge for the electric utili-
ties and other process industries, as well as for motor
vehicles (1, 2). Industrial processes emit NO, from fuel-
burning reactions used to meet large electrical and thermal
requirements, as well as from more process-specific NO,
sources such as NO in the tail gas from nitric acid plants.
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Current technology for NO, reduction typically requires
the use of ammonia (3), which creates problems of its
own, or other fixed-nitrogen reducing reagents with or
without a solid catalyst in back-end, flue gas cleanup
equipment. The use of these reagents involves costs and
hazards of transporting, storing, and handling, especially
for small, customer-located, and transportation NO,
sources (1). A major advance in NO, control would result
if fuel gases already present and in use at the process site
could be substituted for the special NO, reducing reagents
(for example, using natural gas rather than ammonia)
while still attaining significant NO, reduction with low-
cost catalysts (1, 4, 5).

Since the pioneering work of Iwamoto er al. (6), much
attention has been focused on zeolite-based catalysts, in
particular Cu/ZSM-5 (7-11) and Co/ZSM-5 4, 5, 12),
for the selective reduction of NO, with hydrocarbons.
However, the following important questions remain: (a)
do reaction intermediates such as NO,, N,O, or C,H,O
exist; (b) is there a promoting effect of oxygen; (c) what
is the role of different reductants; and (d) what kinetic
models are applicable? It has been found that the degree
of NO reduction very much depends on the reductants
used, and they have been classified into either a ‘‘selec-
tive”’ group (C,H,, C;H,, C;Hg, C,Hg) ora ‘‘nonselective’
group (H,, CO, CH,, C,H,) for NO reduction over Cu/
ZSM-5 in the presence of oxygen (7). The natural gas fuel
used at most cogeneration and combined-cycle electrical
power plants is comprised mainly of CH,; therefore, it
would be desirable for NO, emission reduction at these
facilities to develop a catalyst which is active for the
selective reduction of NO by CH, in oxygen-rich (fuel-
lean) atmospheres. Recently, Li and Armor have reported
the interesting result that NO reduction by CH, can effec-
tively proceed on Co/ZSM-5 in the presence of excess
oxygen (4, 5). However, as observed with other zeolite
catalysts, the activity of Co/ZSM-5 also showed a
volcano-like activity dependence on temperature, with
the maximum rate achieved around 710 K. At higher tem-
peratures NO reduction is severely decreased, which
could limit the suitability of these zeolite catalysts for
some applications, such as in power plant duct burner
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sections of heat recovery steam generators at tempera-
tures typically over 800 K (13). It is obvious that further
investigations are needed not only to explore new catalyst
systems which can effectively reduce NO with CH, at
high temperature, but also to understand more of the
fundamental chemistry associated with this reaction.
Natural gas injected into the exit gas stream from boiler
furnaces at concentrations high enough to provide a
slightly fuel-rich zone in a reburning process can signifi-
cantly reduce NO, levels via homogenous reactions pre-
sumably involving methyl radicals (14). Consequently,
enhanced reduction of NO, might be expected if the con-
centration of methyl radicals were increased by an addi-
tional generation reaction on a catalyst surface, analogous
to the CH, oxidative coupling reaction (15). Lunsford and
co-workers have clearly shown that appropriate heteroge-
neous catalysts enhance oxidative coupling rates at tem-
peratures between 800 to 1000 K by generating gas-phase
methyl radicals (16-18); mechanistic studies have implied
that O, is essential in generating CH,- radicals on some
of these catalysts by forming active centers which remove
H abstracted from CH,. Our study is focused on testing a
new concept—could CH, be activated on these oxidative
coupling catalysts to effectively reduce NO,? These oxide
catalysts do not contain expensive metals and they should
operate in a temperature regime high enough for certain
important applications. Our first investigation deals with
NO reduction by CH, over Li/MgO catalysts in the pres-
ence and absence of gas-phase O,. A family of MgO and
Li/MgO catalysts was prepared by reported methods (17,
18), and the specific activities, activation energies, and
observed reaction kinetics are discussed in this paper.

EXPERIMENTAL

Li/MgO samples were prepared by following the recipe
of Lunsford and co-workers (17, 18). Appropriate
amounts of MgO (Aldrich, 99.99%) and Li,CO, (Aldrich,
99.997%) were added to deionized water, and the resulting
slurry was then stirred and heated until only a thick paste
remained. To ensure that acompletely homogeneous cata-
lyst was obtained, a fresh portion of deionized water was
added to the paste; this procedure was repeated two more
times. The resulting paste was dried in air at 400 K over-
night, ground into powder, and then calcined at 973 K
(rather than 1023 K, as used by Lunsford) for 10 h under
flowing dry air (50 cm’/min). By this method, three sam-
ples of Li/MgO were prepared containing 1.0, 4.0, and
16 wt% Li. A MgO sample was prepared by calcining
MgO powder (Aldrich, 99.99%) at 973 K for 10 h under
flowing dry air (50 cm’/min). BET surface area measure-
ments were carried out with a Quantasorb system using
three premixed gases containing 10, 20, and 30% N, in
He (99.9999%). Table 1 shows the BET surface areas of
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TABLE 1
BET Surface Areas of MgO and Li/MgO Catalysts

Fresh sample Used sample

Catalyst (m*/g)* (m*/g)*
MgO 10.9 9.0
1% Li/MgO 2.6 2.7
4% Li/MgO 3.7 35
16% Li/MgO 2.0 1.8

¢ All samples were calcined at 973 K.
® Highest reaction temperature was 953 K.

fresh and used samples. A calcination time of 1 hr was
used at the four lower temperatures, and 10 h at the three
higher temperatures (see Fig. 2).

Activity measurements and kinetic studies were made
at atmospheric pressure in a microreactor under steady-
state reaction conditions. A reactor made from 4-mm-1.D.
quartz tubing was used, and the diameter in the middle
of the reactor was constricted to ~2.5 mm to support
quartz wool on which catalyst samples were loaded. A
typical gas mixture, unless otherwise specified, of 4.04%
NO/He and 1.01% CH,/He at a stoichiometric ratio of
NO:CH, = 4:1 and a total flow rate of 10 cm* STP/min
was passed through the reactor which contained ~200 mg
catalyst (GHSV = 3000 h™'). The reactor was inserted
into a tube furnace (Hoskins Electric Furnace FD-303-A)
containing a solid brass insert to increase thermal conduc-
tivity and improve temperature uniformity. A gold-plated
K-type thermocouple was inserted directly into the cata-
lyst bed to obtain accurate temperature measurements,
Except for the top and bottom 3 cm (total tube furnace
length was 44.5 cm), temperature variations in the reactor
were* 1.5 K; thus, temperature gradients in the catalyst
bed (typically 1.5 cm in height) were negligible. Before
any data were taken, the samples were pretreated in 10%
O,/He at 973 K at a flow rate of 20 cm*/min until no CO,
was detected. At temperatures above 923 K, it was found
that a residual white material (possibly Li,CO; or Li,0)
was found in the reactor which showed slight activity
toward NO reduction; however, this material was easily
removed with aqua regia and the cleaned reactor again
showed no blank reaction. All the gases used were from
MG Ind., UHP Grade, except for the NO mixed with the
He, which was 99.0%% with major impurities of N, (<1%),
N,O (<0.5%), and some CO,.

During the Arrhenius runs, a period of 30 min on stream
was allowed at each temperature before any gas sample
was taken. An ascending-temperature sequence from 773
to 953 K was usually followed by a descending-tempera-
ture sequence in order to detect any deactivation during
these measurements. The conversions were generally
kept below 20% to ensure differential reactor operation.
The kinetic studies in the presence of gas-phase oxygen
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FIG. 1. (a) Gas chromatogram for analysis of N;, NO, CH,, and CO,, and N,O in the absence of O, (4% Li/MgO at 873 K); GC conditions—1
min at 373 K, 30 K/min to 498 K, hold. (b) Gas chromatogram for analysis of N;, NO, NO,, CH,, CO,, and N,0 in the presence of O,. The two
unknown peaks are noted (4% Li/MgO at 873 K, 1% O,); GC conditions-5 min at 308 K, 30 K/min to 498 K, hold.

were carried out by adding a mixture of 10% O,/He at a
flow rate of 1.0 cm®/min to the feed containing NO and
CH, while maintaining a constant GHSV for the total
flow. The effect of O, on NO and CH, conversion over
these Li/MgO catalysts was also examined from 773 to 953
K by varying the O, concentration between 0 and 3.0%.

Partial pressure dependency measurements were made
with all four samples at 923 K with constant Py, = 15
Torr (1 Torr = 133.3 N/m?) while the partial pressure of
CH, was varied and with constant Py, = 3.8 Torr while
the NO partial pressure was varied. These pressures for
NO and CH, were also used when the O, pressure was
varied. For determination of reaction orders, a power rate
law of the following form was utilized:

r =k PioPby,P5,. (1]

Pyos Py, and P, are the partial pressures of NO, CH,,
and O,, respectively, in the feed and a, b, and ¢ are the
respective reaction orders on NO, CH,, and O,.

The reactor effluent was analyzed with a Perkin-Elmer
gas chromatograph (Sigma-2B) equipped with a Car-
boxen'™ column (Supelco) and a P~E Nelson 1020S integ-
rator. This recently available column nicely separates N,
NO, CH,, CO,, and N,O using a single GC oven program
with an initial hold at 373 K for 1 min, then heating to
498 K at 30 K/min and holding at 498 K for 5 min, as
shown in Fig. 1a, but a sharp peak for H,O is not observed
and NO, gives a broad peak that is difficult to quantify.
Good nitrogen and carbon mass balances (+2.5%) were
obtained in the absence of O, in the feed, thus indicating
little or no NO, formation. In the presence of oxygen,

two broad, unknown peaks in addition to the broad NO,
peak were observed, and a typical chromatogram is pro-
vided in Fig. 1b. Subambient temperature programming
was also used to enhance the separation of these three
peaks. Using mass spectroscopy, one of these two addi-
tional peaks was confirmed to be N,O, while the other
appears to be N,O, formed by gas-phase reactions of NO,
during analysis. The highest possible concentration of
H,0O as a reaction product is 1%, and at concentrations
below 3%, H,O gives rise to a very broad feature. Even
in the absence of O, in the feed, NO consumption is not
an accurate measure of the degree of NO reduction to
N, because N,O can also be formed. Therefore, specific
activities for NO reduction to N, are expressed as the
number of N, molecules produced per second per square
meter of catalyst, while NO conversion (%) is defined as
NO converted to N, and N,O (the only two nitrogen-
containing products observed) divided by total NO fed.
Background impurity levels of N, and N,O in the cylinder
gas (4.04% NO/He) were subtracted from the total
amounts of N, and N,O detected.

RESULTS

Catalyst Stability

Catalyst stability for NO reduction by CH, was tested
at 953 K over 4% Li/Mg0O. It was initially found that
activity for NO reduction by CH, continuously decreased
with reaction time and temperature over a higher surface
area sample of 4% Li/MgO calcined at 870 K (ca. 35 m%/
g), but a simultaneous decrease in BET surface area of
the sample also occurred. The BET surface area variation
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FIG. 2. BET surface area variation of 4% [.i/MgO as a function of
calcination temperature.

as a function of calcination time and temperature was
subsequently examined with this catalyst, and the depen-
dence is shown in Fig. 2. The BET surface area is high
(>50 m*/g) at calcination temperatures below 750 K, but it
decreases rapidly with increasing calcination temperature
and finally stabilizes below 5 m?/g at temperatures above
950 K. Consequently, each sample used in the following
kinetic experiments was calcined at 973 K for [0 h. The
results for NO reduction by CH, over 4% Li/MgO at 953
K showed a constant production of N, (umol N,/s - m?)
over a period of 30 h and no significant changes were
observed in BET surface area with any of the samples
after a period of 30 h on stream, as shown in Table 1.

Activity and Selectivity

NO reduction by CH, from 773 to 953 K was performed
over four samples—MgO, 1.0% Li/MgO, 4.0% Li/MgO,
and 16% Li/MgO. In these experiments N,, CO,, and
N,O were observed as products, and the N and C mass
balances were each within =2.5%. Thermal response fac-
tors of 37 and 48 were determined for NO and N,O, re-
spectively, for our thermal conductivity detector. With
all the samples, NO conversion increased with reaction
temperature up to 953 K. Unlike zeolite-based catalysts,
no activity maximum with increasing temperature was
observed with the Li/MgO catalysts. Below 893 K, re-
spective selectivities to N, and N,O were typically ~60
and ~40%, but selectivity to N, rapidly increased at higher
temperatures, while that to N,O simultaneously fell. As
an example, Fig. 3 shows both NO conversions and selec-
tivities to N, and N,O as a function of temperature over
4% Li/MgO. It should be pointed out that over MgO,
selectivity to N,O fell to almost zero above 873 K, while
that to N, increased to ~100%, although overall rates of
N, formation were lower.
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Table 2 lists NO conversions, rates of NO disappear-
ance, and rates of N, formation obtained over all four
catalysts. The specific activities for N, formation in terms
of umol N,/s - m? on the Li/MgO catalysts are almost five
times higher than for pure MgO. Clearly the presence of
lithium promotes NO reduction to N,; however, rates of
N, formation are not a strong function of lithium loadings
over the range tested. In fact, very similar results were
observed with all three Li/MgO samples. Under the stan-
dard conditions used in this work, i.e., 2% N0/0.5% CH,/
97.5% He and 3000 h~! GHSV, the rates of N, formation
at 953 K (umol N,/s - gcat) are comparable to or higher
than the maximum activities reported over zeolite-based
catalysts at lower temperatures. When the experiments
were performed at the same concentrations of NO and
CH, as those over Co/ZSM-5 in the absence of O, (10),
similar rates of N, formation over 4% Li/MgO were ob-
tained but a higher temperature was required. It should
also be noted in this comparison that the presence of
oxygen (=0.5%) greatly enhanced N, formation over Co/
ZSM-5, while it had little effect on Li/MgO catalysts when
the NO and CH, concentrations were low and it decreased
activity noticeably at higher NO and CH, pressures (Ta-
ble 3).

Kinetic Studies

After calcination at 973 K, all the Arrhenius plots
showed reproducible rates of N, formation in ascending-
and descending-temperature sequences, and the rates of
N, formation vs reciprocal temperature in the absence of
oxygen are shown in Fig. 4, while the relevant kinetic
parameters are summarized in Table 4. The apparent acti-
vation energies at concentrations of 0.5% CH, and 2%
NO are 29.0 = 1.1 kcal/mol, including that obtained over
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FIG. 3. NO conversion (O) and selectivities to N, (J) and N,O (@)

over 4% Li/MgQ. Reaction conditions: 2% NO, 0.5% CH,, balance He,
1 atm total pressure, and GHSV = 3000 h™'.
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TABLE 2

Reaction conditions (1 atm)

disappearance

Rate of NO

N, formation

NO CH, 0O, Temp NO conv. (mol NO/s - Rate(umol/s Specific activity
Catalyst (%) (%) %) (K) (%) geat X 10%) geat x 109 (umol/s - m? x 10%) Ref.
MgO 2.02 0.505 0 773 0.462 0.346 0.112 0.113 “
2.02 0.505 0 953 12.1 9.04 4.52 4.54 “
1% Li/MgO 2.02 0.505 0 773 0.582 0.436 0.120 0.453 a
2.02 0.505 0 953 18.5 13.9 5.01 18.9 4
4% Li/MgO 2.02 0.505 0 773 0.775 0.581 0.180 0.500 ¢
2.02 0.505 0 953 27.2 20.4 7.70 21.4 4
0.0820  0.0820 0 773 1.15 0.0926 0.0347 0.0965 ¢
0.0820 0.0820 0 953 39.3 3.15 1.18 3.29 ¢
0.0820 0.0820 0.5 773 — — 0.0199 0.0553 “
0.0820 0.0820 0.5 953 — — 1.02 2.83
16% Li/MgO 2.02 0.505 0 773 0.582 0.436 0.120 0.453 “
2.02 0.505 0 953 14.8 1.1 4.16 21.9 ¢
Co/ZSM-5 0.0820 0.0820 0 673 17 2.58 1.29% ‘ (10
0.0820 0.0820 >0.5 673 60 9.12 4.56 ‘ (10)
H-zeolites 0.1000  0.0300¢ 0 673 65 2.90 (.45 ¢ (19)
Cu/ZSM-5 0.1000  0.0250 2 523 40 8.92 4.46" ¢ (20)
Cu/ZSM-5 0.0230  0.0800¢ 7 620 335 1.19 0.595% ¢ Q1)
¢ This work.
b Assuming selectivities to N, are 100%.
¢ Surface areas are unknown.
4 Reductant is C;Hj.
¢ Assuming catalyst density is 1 g/ml.
f Reductant is C;H,.
* Reductant is CyHg.
TABLE 3

Effect of O, on Rates of N, Formation

N, activity”

(umol/s - m? x 10%)

Temp [No(O, = 19%)/

Catalyst (K) 0,=0 0,=1.0% N»(O, = 0%)]
1% Li/MgO 823 9.80 0.67 0.068
873 15.5 2.45 0.158
923 17.7 5.56 0.315
4% Li/MgO 823 11.6 1.89 0.163
873 17.4 7.47 0.429
923 25.6 14.2 0.555
16% Li/MgO 823 1.4 1.81 0.159
873 21.7 8.09 0.373
923 26.8 16.2 0.606

Py = 15 Torr, Pey, = 3.8 Torr.
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FIG. 4. Temperature dependencies of NO reduction to N, by CH,
over (O) MgO, (@) 1% Li/MgO, (O) 4% Li/MgO, and (W) 16% Li/
MgO. Reaction conditions: 2% NO, 0.5% CH,, balance He, 1 atm total
pressure, and GHSV = 3000 h™'.

pure MgO, and no correlation between activation energies
and lithium loadings was observed. For comparison, ki-
netic studies were also carried out at lower NO and higher
CH, concentrations and the corresponding activation en-
ergies, all presented in Table 4, are not significantly differ-
ent, although the absolute concentration of NO was 10
times lower and that of CH, was 10 times higher. For
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the experiments at low NO concentrations, including the
partial pressure studies described below, NO conversions
were sometimes as high as ~40% in order to accurately
measure products. Figure 4 shows that rates of N, forma-
tion over the three Li/MgO samples are significantly
higher than for pure MgO; however, N, formation is not
a strong function of lithium loading. In fact, specific activi-
ties for N, formation over 4 and 16% Li/MgO are almost
the same, and they are both only slightly higher than that
over 1% Li/MgO. It is interesting to note that pure MgO
has a very similar apparent activation energy although its
activity is lower than those of the Li/MgO samples. It
should be pointed out that those data points taken at low
temperatures (see Fig. 4) and low partial pressures (see
Fig. 5) have the greatest uncertainties because GC peak
areas were the smallest. Arrhenius plots for the rates of
N,O formation are shown in Fig. 6. The activation ener-
gies for N,O formation over 1% Li/MgO, 4% Li/MgO,
and 16% MgO were 18.0, 22.1, and 18.9 kcal/mol, respec-
tively, giving an average value of 19.7 = 1.8. Thus, this
reaction has a much lower activation energy than that for
N, formation.

The reaction orders with respect to CH, and NO in the
absence of O, were determined by first keeping NO at
15.4 Torr and then by keeping Pcy, at 3.8 Torr; typical
sets of data are shownin Fig. 5. As summarized in Table 4,
the average empirical reaction orders, with their standard

TABLE 4
Kinetic Behavior of Li/MgO Catalysts for NO Reduction
to N, by CH,
Reaction order
0, E,
Catalyst (%) (kcal/mol) in CHy in NO in Oy
MgO 0 27.6 0.60 0.44 —
1.0 339 — —_— —
1% Li/MgO 0 29.4 0.73 0.41 —
1.0 36.6 — — -0.73
4% Li/MgO 0 30.5 0.70 0.35 —
0 28.7 0.73¢ 0.48 —
] 24,94 — —_— —_
1.0 35.0 —— — -0.43
0 28.4 0.91 0.45 —
16% Li/MgO 1.0 34.5 —_ — -0.47

4 0, concentration was below 2%. At higher O, concentration, the reaction
order approaches zero.
b Reaction conditions: 0.2% NO, 0.5% CH,, He balance, and 1 atm total

pressure.

¢ NO was kept at 1.6 Torr (0.2%).
4 Reaction conditions: 0.2% NO, 5% CH,, He balance, and 1 atm total

pressure.
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FIG. 5. Pressure dependencies of NO reduction to N, by CH, at 923 K: (a) rate vs PCH‘ at Pyo = 15.4 Torr, over (O) MgO, (@) 1% Li/MgO,
() 4% Li/MgO, and (W) 16% Li/MgO and (b) rate vs Pyg at Pcy, = 3.8 Torr.

deviations, are 0.73 = 0.11 for CH, and 0.43 + 0.05 for
NO. The lithium loading seems to have no significant
effect on the NO partial pressure dependency, but it may
increase the CH, dependency somewhat compared to
pure MgO. The partial pressure dependency studies were
also extended to low NO concentrations over the 4% Li/
MgO catalyst (down to 200 ppm) and the corresponding
NO and CH, reaction orders were determined at Pcy, =
33.8 Torr and Pyg = 1.6 Torr, respectively. The reaction
orders thus obtained (0.73 for CH, and 0.48 for NO) are
very close to those at higher NO concentration, making
Eq. [1] valid for NO concentrations over a range of two
orders of magnitude (200-20,000 ppm).

-4.5

In(pmol N2O/s.m?2)

751

-8.0
1.00

105 110 115 120 125 1.30
1000/ T(K)

FIG. 6. Temperature dependencies of N,O formation over: (@) 1%
Li/MgO, (O) 4% Li/MgO, and (B) 16% Li/MgO. Reaction conditions:
2% NO, 0.5% CH,, balance He, t atm total pressure, and GHSV =
3000 h™'.

O, Effect on NO Conversion

The effect of O, on NO reduction was investigated
over the three Li/MgO catalysts. The experiments were
conducted at three temperatures—823, 873, and 923
K—using a GHSV of 3000 h™! and a gas mixture of 2%
NO and 0.5% CH,, which is the stoichiometric ratio. The
O, concentration was varied between 1 and 2.8% while
a total feed flow rate of 10 ml/min was maintained. Similar
results were observed over all three Li/MgO samples,
and Fig. 7 shows representative results of the effect of
O, on NO reduction and CH, conversion over 4% Li/
MgO. As seen in Fig. 7a, NO conversion rapidly decreases
with increasing oxygen concentration but begins to level
off at about 0.7% O, and becomes independent of O,
concentration at high O, levels. The corresponding CH,
conversion shows an opposite trend as a function of O,
concentration, Table 3 compares NO conversion over the
Li/MgO catalysts at the different temperatures, and it is
clear that the effect of O, on NO conversion depends
strongly on temperature as well as the lithium loading.
The inhibiting effect of O, on the activity becomes less
pronounced at high temperature and high lithium loading.
The conversion of CH, is also a strong function of temper-
ature, as shown in Fig. 7b. At temperatures below 823
K, CH, conversion varies little over the entire range of
O, concentration; however, at temperatures above 873
K, CH, conversion dramatically increases as the O, con-
centration approaches 1%; it then levels off. The 1% O,
level represents the stoichiometric ratio for deep oxida-
tion of CH,(at 0.5%), i.e., CH, + 20, —» CO, + 2H,0.
No C,H, and C,H and no C,H,0 compounds were de-
tected in the presence of gas-phase oxygen under these
reaction conditions, although in a separate set of experi-
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ments employing oxidative coupling conditions of 0.99%
CH, and 0.20% O, at | atm, C, hydrocarbons were pro-
duced at a rate of 0.033 umol C,/sec-m? (30.7% CH,
conversion) with a selectivity of 66.5% to C, hydro-
carbons.

Kinetic studies of NO reduction by CH, in the presence
of 1.0% O, were then performed over all four samples.
Again, all the Arrhenius plots showed reproducible rates
of N, formation in ascending- and descending-tempera-
ture sequences. Figure 8 shows rates of N, formation
versus reciprocal temperature, while the corresponding
kinetic parameters are summarized in Table 4. The appar-
ent activation energies of 34.9 = 1.8 kcal/mol are signifi-
cantly higher than those in the absence of oxygen. Again,
no correlation existed between activation energies and

In{pmol N /s.m2)
&
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-9 . L " L N
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FIG. 8. Temperature dependence of NO reduction to N, by CH, at
15.4 Torr NO, 3.8 Torr CH,, 7.5 Torr O,, (balance He) over (O) MgO,
(®) 1% Li/MgO, (0J) 4% Li/MgO, and (B) 16% Li/MgO.

lithium loadings. For all catalysts, the empirical reaction
orders in O, at 923 K determined at P¢y, = 3.8 Torr and
Pyo = 15.4 Torr were negative (average value of —0.54)
for O, concentrations below 2%, as presented in Table 4,
but the pressure dependence on O, approaches zero order
for O, pressures greater than 15 Torr.

DISCUSSION

The concept of this study arose from two engineering
studies which examined the influence on overall thermal
efficiency of a reburn step to generate steam following a
combustion gas turbine (14, 19). It was observed that NO,
concentrations were decreased during the homogeneous
reaction between natural gas and oxygen. It was then
demonstrated by Walters et al. that additional NO, reduc-
tion by CH, could be achieved under similar conditions
using Na or Ca sulfates as heterogeneous catalysts (20).
We hypothesized at this point that methyl radicals were
responsible for the decrease in NO, concentration as the
reactivity of CH; radicals with NO and NO, was well
established in homogeneous gas-phase reactions (21-24).
Furthermore, the gas-phase rate constant for the reaction
between CH;- and NO has been reported to be 15-20
times greater than that for the CH,- + O, reaction (25,
26). Consequently, our hypothesis was that an increase
in methyl radical concentration would enhance the overall
reaction between CH, and NO (i.e., NO,), and to test
this idea we chose several oxidative coupling catalyst
systems which had been shown to produce these radicals
by Lunsford and co-workers (16-18). We discuss here
our initial results using a family of Li/MgO catalysts.

This study has shown that Li/MgO catalysts, as well
as pure MgO, are indeed active for NO reduction by CH,
and, depending on the surface area of the catalyst, the
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reaction can be observed at 723 K, although NO conver-
sions were very low. The catalysts precalcined at 973 K
for 10 h showed very stable performance for NO reduction
over a period of 30 h, and the activity continuously in-
creased with temperature up to 953 K, which was the
highest temperature employed in this work. Both N, and
N,O as nitrogen-containing products were observed, and
selectivity to N, (the N,/N,O ratio) increased with temper-
ature. N, mass balances as well as gas chromatograms
showed that little or no NO, formation occurred. With
stable catalysts, even higher NO conversions and higher
selectivity to N, are expected at temperatures above 953
K. Control experiments demonstrated that there was no
reaction of either NO or CH, in an empty quartz tube
reactor or with quartz wool inserted. Further experiments
in the absence of co-fed CH, showed that there was no
direct NO decomposition over these catalysts. The inter-
action of CH, only with 4.0% Li/MgO was investigated
from 773 to 953 K at a GHSV of 3000 h™! using a 1.01%
CH,/He mixture at a flow rate of 10 cm?/min. No reaction
occurred below 873 K, and at temperatures above 873
K a small amount of CO, was initially observed, but it
decreased rapidly with time and temperature. The rapid
decrease in CO, production is totally predictable because
of continuing consumption of surface oxygen on the Li/
MgO catalyst in the absence of co-fed, gas-phase oxygen
(15). After areaction period of 30 min at the higher temper-
atures, no detectable CO, was found. All these results
suggest that NO reduction can proceed only in the pres-
ence of gaseous CH,. In general, hydrocarbons have a
certain degree of selectivity for promoting NO reduction
vs their reaction with O, in the presence of excess oxygen.
This relative reactivity is high for ‘‘selective’” reductants
like C,H,, C;H,, C;Hg, and C,Hg, while it is typically low
for ‘‘nonselective’” reductants like CH, and C,Hg (7). It
is anticipated that NO reduction over Li/MgO using a
selective hydrocarbon will result in higher activity for NO
reduction and higher selectivity to N, formation; how-
ever, we have not yet tried any of these reactions.

These Li/MgO catalysts exhibit stable, long-term activ-
ity as long as no loss of surface area occurs. Initial studies
of higher surface area catalysts (ca. 35 m?%/g) produced
higher activities per gram but a continuous loss of activity
occurred due to decreasing surface area under continuous
operation at 863 K. Even though the surface area of the
used catalyst sample decreased to about 10 m?/g, the
initial and final specific activities were almost the same.
Therefore, to obtain reproducible kinetic data, all catalyst
samples discussed here had been pretreated at 973 K to
give stable surfaces near 3 m?/g. A high Li loading seemed
to facilitate sintering, as indicated in Table 1.

Rather high NO concentrations of around 2% along
with a stoichiometric ratio of CH, (0.5%) were utilized in
most of the runs conducted in this study. By operating
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the system as a differential reactor under these conditions,
quite high rates per unit surface area were attained in the
absence of O,, as shown in Table 2. Varying the lithium
loadings from 1 to 16% had little effect on specific activity,
but the absence of lithium resulted in an approximate five-
fold decrease, as shown in Table 2. Despite this decline
in specific activity, neither the activation energy nor the
partial pressure dependencies were strongly dependent
on the lithium loading, thus suggesting a similar reaction
path on all four catalyst surfaces. For all catalysts, the
apparent £, values were near 29 kcal/mol and the NO
pressure dependence was around 0.43. The pressure de-
pendence on CH, appeared to increase somewhat from
0.6 on pure MgO to 0.9 at a high lithium loading of 16%,
while the negative dependence on O, seemed to decrease
slightly (Table 4). The same rate equation holds at much
lower NO concentrations, and Eq. {1] is thus applicable
for NO pressures from 0.015 to 15 Torr. A substantial
amount of N,O is produced at high NO concentrations,
and at temperatures below 900 K, the selectivity to N, is
about 65%, giving a N,/N,O ratio of about 1.9; however, at
higher temperatures and conversions, this ratio increases
significantly to 3.0 at 953 K with the 4% Li/MgO catalyst,
as shown in Fig. 3. Over pure MgO, the amount of N,O
formed approaches zero at these higher temperatures;
thus, the presence of lithium may facilitate N,O formation
(this could imply a slightly different reaction path for N,O
formation over lithium-doped MgO vs undoped MgO).

The presence of molecular O, significantly inhibits N,
formation at higher NO concentration, especially as the
O, concentration increases to the stoichiometric ratio for
CH, combustion (1% under our standard conditions) and
the extent of CH, combustion increases markedly, espe-
cially at higher temperatures, as shown in Fig. 7. How-
ever, the relative decrease in the rate of N, formation
caused by O, is much less at higher temperatures; for
example, the N, formation rate on 4% Li/MgO with 1%
O, at 823 K is only 16.3% of that in the absence of O,,
whereas at 923 K the relative rate is 55.5% (Table 3). This
relative decrease in the N, formation rate with O, declines
as lithium loadings increase.

It is well known that Li/MgO is one of the most active
catalysts, and certainly the most studied catalyst system,
for methane oxidative coupling (15). A widely accepted
overall reaction mechanism involves methyl radicals gen-
erated on [La*O7] sites of Li/MgO; two methyl radicals
then couple into C,H, in the gas phase, and C,H, can be
subsequently dehydrogenated into C,H, on the catalyst
surface (16~18). In order to look for any possible involve-
ment of methyl radicals in NO reduction by CH,, the
methane oxidative coupling reaction was performed over
4% Li/MgO. Under similar conditions, e.g., at 923 K, a
GHSV 0f 9000 h™' and a CH, : O, ratio of 5 (a typical ratio
in methane coupling), CH, conversion was 30.7% and



CATALYTIC REDUCTION OF NO BY CH,

selectivity to C,H, plus C,H, was 66.5%, which favorably
compares with results reported by Lunsford ez al.; i.e.,
their CH, conversion was ~20% and their C, selectivity
was ~70% at 923 K (16-18). These results verify that
the catalysts prepared in this study are truly methane
oxidative coupling catalysts, which implies that they can
generate methyl radicals under appropriate conditions;
however, we cannot verify at this time that methyl radicals
are directly involved in NO reduction by CH,. We could
detect no C, hydrocarbons under any circumstances dur-
ing NO reduction by CH,, even at a CH,: NO ratio of
5:2 and in the presence of O,. These results indicate
either that methyl radicals cannot be generated during
NO reduction by CH, over Li/MgO catalysts, or that
methyl radicals generated on the catalyst surface react
with NO before they can desorb into the gas phase, or
that if they do desorb, the reaction probability with gas-
phase NO is much greater than with another methyl radi-
cal and no coupling is observed. The fact that the Li/
MgO catalysts were active for NO reduction by CH, at
723 K and lower, while methyl radicals have been detected
only at temperatures above 773 K on Li/MgO (15, 16), is
consistent with the second possibility. Lunsford and co-
workers have recently reported that N,O can replace O,
in its role to facilitate the generation of methyl radicals
(27); thus, N,0 may play a similar role in this reaction.
Finally, the similar, although lower, activity of pure MgO
in this reaction is consistent with the recent study of
Goodman et al. which indicated that oxygen vacancies
present in MgO as well as Li-promoted MgO are involved
in CH, activation (28).

It is important to compare these nonmetallic catalysts
with the performance of zeolite catalysts because few
catalysts have been able to successfully activate CH, for
NO, reduction to N,. Among the zeolite catalysts tested,
Cu/ZSM-S is particularly good for direct NO decomposi-
tion (10) while Co/ZSM-5 is the best catalyst for reduction
by CH, in the presence of oxygen (4). One obvious differ-
ence between the zeolites and these Li/MgO catalysts is
that all the zeolite catalysts have shown a volcano-like
activity dependence on temperature, with the activity
maximum falling between 670 and 720 K, depending on
the system (5). Li and Armor believe that the decrease
in NO conversion at high temperature, to a large extent,
may be the result of a significantly lowered CH, concen-
tration due to combustion (5). The two reactions

2NO + CH, + 0,— N, + CO, + 2H,0 2]
CH, + 20,— CO, + 2H,0 [3]

are competitive, and if reaction [3] is favored at higher
temperatures, CH, can be completely burned (15). How-
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ever, Hall er al. have suggested that this decrease at higher
temperatures for either direct NO decomposition or NO
reduction by hydrocarbons is due to a decrease in NO,
formation from NO and O,, because NO, is known to
form as an intermediate during NO decomposition (29,
30). The rate of NO reduction by CH, over Li/MgO cata-
lyts continuously increases up to 953 K with or without
oxygen; however, substantial CH, remains even at the
highest temperature. In the absence of oxygen, no NO,
was detected; thus, we cannot confirm that NO, may be
a stable intermediate in NO reduction over these cata-
lysts. In the presence of oxygen, no decrease in NO
conversion with temperature was observed even though
CH, conversions were above 50% at temperatures above
923 K. Liand Armor observed a decline in NO conversion
at 700-725 K over Co/ZSM-5, at which point CH, con-
versions were 70-93% (5). Another significant differ-
ence between these two catalyst systems was that the
presence of oxygen greatly enhanced NO conversion over
the zeolite catalysts at low concentrations (ca. 1000 ppm),
while it had little effect on the Li/MgO catalysts at low
NO concentrations and it strongly inhibited NO conver-
sion at high concentrations over Li/MgO at tempera-
tures below 873 K. This effect became less significant at
temperatures above 923 K, however. The baseline be-
havior of the gas chromatograms taken in the presence
of oxygen provides some evidence for the presence
of NO, (Fig. 1b), but the amounts cannot yet be quan-
tified.

The only previous work on NO reduction by CH,
available for comparison to our work is that of Li and
Armor (4, 5). Over Mn/ZSM-5 and Co/ZSM-5, the
CH, pressure dependencies were near 0.6 and the NO
pressure dependencies were around 0.5 (5); thus, our
reaction orders are similar. However, the major differ-
ences are that the addition of O, up to 0.5% increased
NO conversion over Co/ZSM-5 (4), and the apparent
activation energy calculated from their results for Co/
ZSM-5 is about 12 kcal/mol (5); thus, the reaction
mechanisms over metal-loaded ZSM-5 and Li-promoted
MgO may be different. The efficient reduction of NO
by CH, in the absence of molecular O, for our Li/MgO
catalysts argues strongly against a NO, intermediate,
as proposed by Hall and co-workers for zeolite systems
(29, 30), and our experimental evidence that little or
no NO, is formed is also consistent with this. Current
studies are underway to gain more information about
the sequence of elementary steps describing not only
N, formation but also N,O production over these MgO
and Li/MgO catalysts. We hope to obtain a reasonable
reaction mechanism which will allow the derivation of
a rate expression consistent with that in Eq. [1]. In
addition, the influence of H,0 and CO, on catalytic
behavior will be examined.
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SUMMARY

Nonmetallic catalysts known to produce methyl radi-
cals during the methane oxidative coupling reaction have
been shown to be active for NO reduction by CH,. This
reaction proceeds above 773 K over low surface area, Li-
promoted MgO in the absence of O, to produce N, and
N,O with a (N,/N,0) selectivity below 2 at low tempera-
ture but which increases to 3 or more at higher tempera-
tures. Unpromoted MgO is less active but produces al-
most 100% N,. Little or no NO, is formed with no O, in
the feed. The addition of O, decreases N, formation rates
at higher NO concentrations (ca. 2%), but has little effect
at levels around 1000 ppm; however, the relative inhibi-
tion decreases at higher temperatures. Operation at even
higher temperatures with stable catalysts should favor N,
selectivity and decrease the inhibition by O,; thus, such
catalysts may have applications in a catalytic reburn step
conducted in a waste heat boiler which would not only
reduce NO, emissions but also increase the thermal effi-
ciency of the overall process.
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