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Mn,03 is better than Mn3O, for catalytic NO decomposition;
regardless, appreciable activities were not observed below 773 K.
For example, at 0.040 atm NO and 773 K, Mn;03 had a specific
activity of 3.5 x 107 umole Ny/s/m? and an activation energy of
11 kcal/mole, while for MnzO4 comparable values were 6.5 x 10~°
wmole Na/s/m? and 15 kcal/mole, respectively. Based on NO
chemisorption at 300 K, these specific activities correspond to
turnover frequencies of 7.5 x 10~°s~*and 1.6 x 10~°s~* for Mn,03
and Mn30,, respectively. Pretreatment in He at 873 K produced
more O; desorption from Mn,03 (6.1 molecules Ozlmz) than from
Mn304 (2.2 molecules O/m?), but no changes in either XRD pattern
were detected. Consequently, oxygen vacancies were formed and, as
in previous studies, activity is associated with these vacancies. Re-
action orders on NO ranged from 1.4 to 1.9 between 833 and 873 K,
with the higher values occurring with O in the feed. Negative reac-
tion orders on O, were around —0.3 and not strongly dependent on
temperature. A Langmuir-Hinshelwood model involving a surface
reaction between two adsorbed NO molecules fit the data well and
gave kinetic parameters which provided the following values: for the
reaction between two adsorbed NO molecules, E; =46 kcal/mole;
for NO adsorption, AH,=-25 kcal/mole and ASJ,=—25
cal/mole/K; for O adsorption, AHZ;=-35 kcal/mole and
ASY, = —31cal/mole/K. Acomparison to specific activities obtained
from the literature for oxides showed the following order at 773 K:

Cu/ZSM-5> C0304>La;03 >~ Mn,03>CuO > NiO, Fe,0s3.

(© 1996 Academic Press, Inc.

INTRODUCTION

NO is the major component of NOy, which exists in waste
gas from power plants, motor vehicles, and virtually any
combustion process. NOy has been considered as a pollu-
tant which contributes to acid rain, urban smog, and strato-
spheric ozone depletion (1). Past efforts on the abatement
of NOy have led to the development and commercializa-
tion of selective catalyst reduction (SCR) using ammonia;
however, SCR has inherent problems related to its usage of
NHj3, which is hazardous in itself and environmentally un-
acceptable (2). With growing concern about environmen-
tal pollution along with more stringent regulations on NOy
emissions, continuing efforts have been made to improve
NOy abatement technology. Catalytic NO, abatement is
one of the solutions, and two major methods have been
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investigated—they are direct NOy decomposition to N, and
O, and NOy reduction using reducing agents other than
NH3 (3). If possible, direct NO, decomposition is more de-
sirable because it does not require any foreign compounds.
Various materials, which include metals and metal oxides,
have been examined as catalysts for the decomposition of
NO; however, only three studies have attempted to inves-
tigate NO decomposition over any Mn oxide. None has re-
ported any kinetic data, thus no information is available
regarding Kinetic parameters, catalytic behavior, or spe-
cific activities related to this reaction on Mn oxide surfaces.
Therefore, this study examines the catalytic activity of Mn
oxides, chiefly Mn,O3 and Mn3O,4, compares their catalytic
behavior, measures NO chemisorption, and proposes a re-
action mechanism based on detailed Kkinetic data obtained
with the most active Mn oxide—Mn,Os.

EXPERIMENTAL

The unsupported Mn oxides used, Mn,O3 (34.4 m?/g)
and Mn30, (21.9 m?/g), were the same as those used in
a previous N,O decomposition study (4); i.e., they were
single-phase, crystalline powders obtained from Chemet-
als Incorporated. Equipment and procedures used for the
measurements of surface areas and XRD patterns of Mn
oxides also have been described previously (4).

Catalyst pretreatment before either reaction or chemi-
sorption experiments was conducted in situ in a quartz tube
reactor or a quartz adsorption cell by exposing the oxide
to He at 1 atm and 10 ml/min. The temperature was raised
from room temperature to 873 K at a rate of 10 K/min and
held there for 1 h. During some of the pretreatment runs,
the O, released from the Mn oxides was monitored by gas
chromatography.

Chemisorption of NO and O, was carried out at 300 K
using a UHV volumetric system (4). The sample size was
1 g, and equilibrium partial pressures of NO and O, up
to 200 Torr were used. Because slow NO adsorption oc-
curred after a rapid initial uptake, pressure measurement
of each experimental point for NO adsorption was made
after 90 min of contact time, while 30 min was enough for
O, adsorption.
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Catalytic activity measurements for the NO decompo-
sition reaction were conducted at atmospheric pressure in
a microreactor under steady-state conditions. The reactor
and the peripherals were interconnected mostly with 1/8”
stainless steel tubing and Swagelok connections, and the
diameter in the middle of the reactor, a 7-mm i.d. quartz
tube, was constricted to ~4 mm to support quartz wool on
which catalyst samples were loaded (5). Typically, 4.04%
NO in He was passed downward at a total flow rate of
10 ml/minthrough the reactor which contained 0.5 g catalyst
(GHSV ~ 1500 h~1). Concentrations and flow rates of the
feed gas were governed by Tylan mass flow controllers. The
reactor was vertically inserted into the opening of a solid
stainless-steel insert which was placed inside a tube furnace
(Hoskins Electric Furnace, FD-303-A). The stainless steel
insert increased thermal conductivity and improved tem-
perature uniformity. The pressure drop across the reactor
was around 0.04 atm with little variation between reaction
temperatures of 773 to 873 K and an outlet pressure of
0.97 atm. A K-type thermocouple was inserted directly into
the catalyst bed to obtain accurate temperature measure-
ments, and temperature was kept within £1° by an Omega
CN2011 temperature controller. It was confirmed that with-
out catalyst no decomposition of NO occurs up to 873 K in
this reactor. The conversion of NO was routinely kept be-
low 7%; i.e., a differential reactor mode was maintained to
minimize any complications which could arise from mass
and heat transfer limitations. The Weisz criterion (6) for
second-order reactions showed that internal diffusion ef-
fects were not important (5). All the gases used were UHP
grade from MG Industries except for two NO/He mixtures:
one was 4.04% NO in He which contained 360 ppm N,
and 170 ppm N,O as major impurities, and the other was
4660 ppm NO in He which contained 70 ppm N, as the major
impurity.

Product analyses were made with gas chromatography
(GC) using a 5A molecular sieve column, and NO conver-
sions were also determined with a NOy analyzer (5). The
sampling valve and 1/8” stainless steel line from the reactor
to the valve was kept at 373 K to avoid condensation of any
NO, formed. The temperature program used (aninitial hold
for 5 min at 323 K, heating to 533 K at a rate of 35 K/min,
and then holding 2 min at 533 K) enabled separation of
O, N2, NO, and N0, but quantitative analysis of NO, was
not possible with this setup. A typical gas chromatogram is
shown elsewhere (5). When O, coexisted in the feed gas, the
effluent gas from the reactor contained significant amounts
of O, which interfered with the NO peak by forming
NO; and made NO analysis inaccurate; therefore, catalyst
activity was expressed by the rate of N, formation. Most
of the N,O existing as an impurity in the 4.04% NO/He
mixture decomposed and produced N,, and that amount
as well as the N, impurity in the feed gas was subtracted
when calculating the net effluent N, concentration.
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As it was impossible to determine NO, concentration
in the effluent gas by gas chromatography, a NOy chemi-
luminescence analyzer (Lear Siegler ML 9841 Analyzer)
was used for that purpose. When the sample contained
NO,, it was passed through a converter containing Mo
shavings which reduced NO; into NO before the sample
was contacted with ozone. The difference in chemilumines-
cence with and without the usage of the converter gives
the NO; concentration. The NOy analyzer was calibrated
by standard gases of 100 ppm NO in He and 10 ppm NO;
in He. Because the maximum detection limit of this ana-
lyzer was 100 ppm NOy, the effluent gas from the reactor
at 100 ml/min was diluted with 4000 ml/min of prepurified-
grade N, which had been stripped of water by a Drierite
trap and of hydrocarbons by an activated carbon trap.

RESULTS

A working temperature range of 773-873 K was required
for sufficiently high NO conversions, which necessitated a
catalyst pretreatment at 873 K or higher for stable catalytic
performance. To check the effect of pretreatment temper-
ature, samples of Mn,O3; were heated at 873, 923, or 973 K
for 1 h under He at 10 ml/min and atmospheric pressure,
which resulted in a decrease in the surface area of Mn,O3
from 34.4 m?/g to 30.6, 27.3, or 17.4 m?/g, respectively. The
pretreatment at 923 K gave a slight brownish tint to the cat-
alyst on top of the original black, and the pretreatment at
973 K clearly turned the top quarter of the catalyst bed
brown, while the pretreatment at 873 K showed no ap-
parent changes. As shown in Fig. 1, after the 973 K pre-
treatment changes appeared in the XRD pattern of the cat-
alyst that were ascribable to the Mn3zO4 phase, while no
detectable changes were observed after the other pretreat-
ments. Hence, the pretreatment temperature was selected
to be 873 K for Mn,O3 as well as Mn3O4, which is more
stable to temperature changes. No change in the XRD pat-
tern was observed for MnzO4 after the 873 K pretreatment.
As before, O, released during pretreatment of Mn,O3 and
Mn3;04 at 873 K was monitored, and Fig. 2 plots the O, con-
centration in the effluent gas and the temperature in the
catalyst bed during the pretreatment of these two oxides.
The resolution was not especially good because continuous
GC measurements were not possible; however, multiple
desorption peaks were still observable for both Mn,O3 and
Mn3;04. Amounts of O, released were estimated by inte-
grating the areas under the curves, and these values along
with the BET surface are given in Table 1. Nominal for-
mulae for Mn,O3 and Mn3O, after the 873 K pretreatment
were Mn,O390 and Mn3O3 g, respectively, which indicates
that substantial amounts of lattice oxygen were removed.

As observed before, MnO, converted into Mn,O3z when it
was pretreated at 773 K, and MnO; and Mn,O3 pretreated
at 773 K gave approximately the same specific activity for
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FIG. 1. XRD patterns of Mn,O3 before (a) and after pretreatment

at: (b) 873 K, (c) 923 K, and (d) 973 K. The arrows identify peaks from
Mn3Og4.

NO decomposition at 773 K and 0.04 atm of NO (5); con-
sequently, further examination of MnO, was abandoned
because of the high temperatures required. Studies with
MnO were not conducted because it is oxidized by NO,
even at 300 K (7). When NO decomposition over Mn,O3
and Mn3O, was carried out without O, in the feed, no
O, was observed in the effluent gas by GC, whereas N,
was observed. The NO decomposition activity of Mn,O3
was monitored versus time on stream, and its deactivation
was determined at both 873 K and 0.04 atm of NO and 833
K and 0.02 atm of NO. The results are shown in Fig. 3 as a
change in relative activity based on the activity given. If the
rapid activity decreases during the first hour are neglected,
activity losses amounted to 15% during 12 h on stream at
833 K and 12% during 6 h on stream at 873 K. The gradual
decrease may be due in part to the sintering of Mn,O3 be-
cause the surface area dropped to 26.8 m%g at 873 K and
to 28.6 m?/g at 833 K. XRD patterns showed no observable
changes in the bulk phases.

Figure 4 shows Arrhenius plots for NO decomposition
over Mn,O3 and Mn3O4 between 773 and 873 K with ei-
ther 0.02 or 0.04 atm of NO. Activity measurements were
made after several hours on stream with both ascending
and descending temperatures, and the results showed that
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FIG.2. O, concentration in the effluent gas during pretreatment of
Mn,O3 and Mn3O4 under 10 ml/min of helium: (—) Mn,Os3, 0.46 g; (OJ))
Mn3O,, 0.55 g; (x) temperature.

little catalyst deactivation occurred during these runs. The
apparent activation energies for NO decomposition over
Mn,0O3 and Mn3O4 were 11 and 15 kcal/mol, respectively,
ateither pressure. On asurface area basis, Mn3O3 was about
four times as active as Mn3Og4. Activities at 873 K were also
measured at various partial pressures of NO between 0.0023
and 0.04 atm for Mn,O3 and between 0.013 and 0.04 atm for
Mn30Oy4, and again no appreciable catalyst deactivation was

TABLE 1

Effect of Catalyst Pretreatment on Surface Area, O,
Desorption, and Chemisorption

Pretreatment
temp. (K) Mn,O3 Mn3Oq4
Surface area?
m?/g None 344 219
773 31.8 187
873 306 183
O, release during pretreatment
nmol/g 773 170 41
873 310 67
umol/m? 773 53 22
873 10.1 3.7
molecule/m? x 108 773 32 13
873 6.1 2.2
Irreversible O, uptake
umol/m? 873 032 0.07
molecule/m? x 10% 873 0.19 0.04
Irreversible NO uptake
umol/m? 873 47 41
molecule/m? x 10% 873 28 25

@ Surface areas used for the measurement of O, release.
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FIG. 3. Activity maintenance with Mn;Os: (O) 833 K, 0.02 atm NO
(final surface area, 28.6 m?/g), activity basis 2.5 x 107 umol Ny/s-m?; (x)
873 K, 0.04 atm NO (final surface area, 26.8 m?/g), activity basis 8.1 x 10~*
umol Na/s-m2.
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FIG. 4. Arrhenius plots for NO decomposition over Mn,O3 and
Mn3Oy4: (8) Pno=0.04 atm, (b) Pno=0.02 atm; (O) ascending tempe-
rature, (x) descending temperature.
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FIG.5. NO decomposition at 873 K. (a) NO pressure dependencies:
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observed, as indicated by Fig. 5a. Based on a power rate law
expression, the reaction order with respect to NO was 1.5
for Mn,O3 and 1.6 for Mn3O,4. Table 2 summarizes the ac-
tivities and Kkinetic parameters for Mn,O3 and Mn3O4. The
effect of O, partial pressure on the rate of NO decompo-
sition was also examined for Mn,O3 at 873 K and 0.02 atm
of NO by first increasing O, pressure then decreasing it. A
greater extent of catalyst deactivation was observed than

TABLE 2

Activities and Kinetic Parameters for NO Decomposition
over Mn;03 and Mn304 (T =773 K)

Pno Ea Rate Specific activity
Catalyst (atm) (kcal/mole) (umole Ny/slg)  (umole Ny/s/im?)
Mn,O3 0.04 112 9.5x 1072 35x10™*
0.02 11° 39x1073 1.4x10*
Mn3O, 0.04 152 9.5x 1074 6.5x107°
0.02 15° 2.8x107* 2.1x1075
3793-873 K.
b773-853 K.
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TABLE 3

Reaction Orders with Respect to NO and O,
for NO Decomposition

Catalyst Temperature (K) NO? NOP (o7%

Mn,0O3 833 1.4 1.6 -04
853 1.5 1.9 -0.3
873 15 18 -0.3

Mn3zO4 873 1.6 — —

2No O, in the feed gas.
b0.01 atm of O, in the feed gas.
¢ Pno =0.02 atm.

in the experiments without O, in the feed. As shown in
Fig. 5b, an inhibitory effect of O, was observed and the rate
with 0.04 atm of O, was lower by a factor of four than that
with no O, in the feed. The reaction order on O, was —0.3
above 0.01 atm O,. The reaction orders on NO in the pres-
ence (0.01 atm) and absence of O, were also examined at
873 K, and Fig. 5a shows that the reaction order on NO is
somewhat greater in the presence of O, than in its absence.
Similar experiments were used to obtain reaction orders
with respect to NO and O, at 833 and 853 K (5), and the
results are summarized in Table 3.
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FIG.6. Chemisorption of NO on (a) Mn,0; (29.2 m?/g) and (b)
Mn;0; (18.3 m?/g) at 295 K; (M) initial uptake; (@) reversible uptake.
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FIG.7. Chemisorption of O;0n (a) Mn,O3 (31.1 m?/g) and (b) MnzO4
(18.3 m?/qg) at 295 K; (m) initial uptake; (@) reversible uptake.

Figure 6 shows adsorption isotherms for NO on Mn;0O3;
and MnzOy, and Fig. 7 shows the isotherms for O,, all mea-
sured at 295 K. The NO uptakes by both catalysts were
substantial, but the final rate of adsorption was slow, which
indicated possible activated chemisorption. Irreversible up-
takes of NO were determined by the dual isotherm method,
and all values for irreversible NO chemisorption were ob-
tained at 200 Torr. The irreversible uptakes of O, on Mn,O3
and Mn;O, were 0.19 x 10*® and 0.04 x 10'® molecule
O,/m?, respectively, and these uptake values, which were
independent of pressure, are also listed in Table 1.

DISCUSSION

Early studies of catalytic NO decomposition date back to
almost the beginning of the century (8), and numerous re-
views are available on this subject (2, 3, 9-14). In the 1960s
and early 1970’s, NO decomposition was investigated in
some detail over metal and simple binary oxides (15-22).
Winter examined dozens of metal oxides as catalysts for
this reaction, although no data with Mn oxides were ob-
tained, and he proposed a rate expression which incorpo-
rated an inhibitory effect of O, on the rate of NO decompo-
sition, which had been suggested previously (15). However,
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the inhibitory effect of O, had never been tested explicitly
until Amirnazmi et al. investigated the catalytic activity of
Pt/Al,O3 and several metal oxides for NO decomposition
by adding O, to the feed gas (16). Their quantitative inves-
tigation found strong inhibition of O, with all the catalysts
tested, and it clearly established the inhibitory effect. Later
studies have always observed this effect, regardless of the
catalyst used, and it has been unanimously agreed both that
O, retards NO decomposition and that oxygen lability at
the catalyst surface is important. When studies of catalytic
NO decomposition were reviewed in 1975 by Hightower
and van Leirsburg (10) and Shelef (11), Co30,4 was deemed
to be the most active material, but its activity was several
orders of magnitude lower than the level needed for com-
mercial applications (19).

Subsequent studies branched into the investigation of
two major classes of catalysts—mixed oxides and zeolites.
Hamada et al. found that Ag considerably promoted the
activity of CozO4 and at the same time alleviated the in-
hibitory effect of O,, and they speculated that the active sur-
face species was some complex of Co and Ag (23). Voorho-
eve pointed out that the stability of mixed metallic valence
states in the perovskite structure and the mobility of oxygen
ions should make perovskite-type compounds promising as
catalysts (24). Uchijima examined the activity of various
perovskite compounds (25), while Shimada et al. (26) and
Tabata et al. (27) studied Y-Ba—-Cu-O-type oxides. Some
K:NiF4-type and perovskite-type oxides were examined by
Teraokaetal. (28) and Yasudaetal. (29, 30). Although some
of them showed appreciable specific activity and possessed
good structural stability at high temperatures, their activity
on aweight basis was only moderate due to their low surface
area (30). lwamoto and co-workers first investigated the ac-
tivity of zeolites for NO decomposition starting with Cu-Y
zeolites and found Cu-ZSM-5 is extremely active, i.e., three
to four orders of magnitude more active than the most ac-
tive Co304 (32). Subsequent studies on Cu-ZSM-5 revealed
that an excessively ion exchanged form of Cu-ZSM-5 is
most active (33); however, even this level of activity ap-
pears to be insufficient for commercial use (34). Later stud-
ies found that Cu-ZSM-5 also exhibits high activity for NO
reduction using hydrocarbons as reducing agents (35, 36).

Few papers have been published on NO decomposition
over Mnoxides. Yur’evaetal. found that NO decomposition
over MnO; at 293, 323, and 573 K apparently produced only
NO,, which was trapped, and no kinetic data were reported
(17). Winter remarked that MnO, showed some activity,
which was not given quantitatively, at temperatures well
above 623 K but it decomposed in vacuo, and Mn,O3 gave
no reproducible results; thus no data were again provided
(15). Edwards and Harrison examined NO decomposition
over MnzO4 at around 500 K and 1 ppm of NO in air using
a flow reactor and, from their apparent activation energy
and the preexponential factor, they suggested that MnzO4
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would be several times more active than other catalysts re-
ported at that time (37)). In fact, extrapolation of their data
at516 Kand 1.2 ppm of NO to the reaction conditions of the
present study, i.e., 773 K and 0.04 atm NO, gives an activity
of 230 umol Na/s- g, which is orders of magnitude higher
than the present results, and the Mn3O,4 used here failed to
show observable activity at 516 K, even with 0.04 atm of
NO. No N, formation was reported, and it is almost certain
that either the rate of oxidation of Mn3O4 by NO or the
activated adsorption of NO on Mn3O, (or both) was mea-
sured rather than a catalytic reaction. Other studies with
Mn oxides include NO reduction by CO, H,, and NH3 over
MnO (38), MnO; (39, 40), Mn oxides and supported Mn
oxides (41, 42), and a mixture of Pt/SiO, and Mn,0O3 (43).
The stoichiometric reaction of NO with reduced MnO, to
reoxidize it was examined (44), and NO reduction by CsHg
over an Mn,Ogs/zeolite mixture has been studied (45). These
latter investigations differ from the direct catalytic decom-
position of NO.

Since no quantitative work has been reported over Mn
oxides, the catalytic activities of Mn,O3 and Mn3O, deter-
mined in this study shall be compared to those of other
relevant oxide catalysts. Before that, however, some dis-
cussion is in order to clarify why no O, was observed in the
product gas when NO decomposition was carried out with-
out O, in the feed. This phenomenon has been reported
by many researchers during NO decomposition over metal
oxides and zeolites and has been attributed to the reaction:
2NO + O, — 2NOy, which occurs in a room-temperature
region downstream form the reactor (15). Thisis reasonable
considering that the rate of this homogeneous gas-phase
reaction to form NO; can be expressed as r = Kk[O;][NO]
(46), and the equilibrium constant, Kp, equals 2.43 x 10'? at
298 K, which is much in favor of NO,, whereas K,=0.82
at 773 K. Li and Hall carried out NO decomposition over
Cu-ZSM-5 and found that when conversions of NO were
above ~45%, O, in the product could be analyzed accu-
rately by GC and the O,/N; ratio in the product increased
monotonically with conversion to reach unity at 100% con-
version (47). This behavior clearly showed formation of
NO; by the reaction between unreacted NO and product
O, inthe postreactor line. In the present study the NO, con-
centration in the product gas was monitored by a NOy an-
alyzer to confirm the stoichiometric decomposition of NO
over Mn,O3 and Mn3O,4. From the reaction stoichiometry
(2NO + O, =2N0O,) and the NO; concentration measured
in the effluent stream, the O, concentration in the product
stream could be calculated assuming no reaction to NO,.
Ideally it is the same as the N, concentration, and this linear
relationship was indeed obtained although the O, concen-
tration fell 10-15% below the linear plot above 1000 ppm
N2 (5).

The NO decomposition activities of various oxide cata-
lysts have been extracted from previous work when possible
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TABLE 4

Catalytic Behavior for NO Decomposition over Oxide Catalysts (Pno = 0.04 atm)

Activity?
E. (umol N/ (umol N/

Catalyst Temp. (K)  (kcal/mol)  s-gx10%)  s.m?x 105 Reference
Mn,O3 773 11 95 36 This study
Mn30y4 773 15 10 7 This study
La,O3 773 23 8 23 56
Co0304 773 28 260 320 19
Co030, 773 — 420 — 23
Ag/Co30, 773 — 2,000 — 23
La; 5SrosCuOy 773 26 18 200 30
LaMngeCug4O3 773 1 90 370 30
Cu-ZSM-5 773 22 120,000 — 48
Mn,O3 873 11 220 80 This study
Mn3Oy4 873 15 29 21 This study
CuO 873 8 — 24 16
La,O3 873 23 45 130 56
Co304 873 28 — 1000 16
Fe,Os 973 — — 8 16
NiO 973 — — 12 16
Cuo 973 8 — 390 16

@ When necessary, rates were extrapolated to 0.04 atm NO assuming a first-order pressure

dependence on NO.

and are listed in Table 4. If rate data at 0.04 atm were not
available, the rates were extrapolated to this pressure as-
suming a first-order dependence on NO. Amirnazmi et al.
studied NO decomposition over Pt/Al,O3; and different
metal oxides in a fixed-bed reactor. Having observed a
strong inhibitory effect of O, for all the catalysts they tested,
they realized the difficulty of comparing rate data at differ-
ent conversion levels of NO and decided to use rate data
at zero partial pressure of O,, which were obtained by ex-
trapolation using the observed linear dependence of the
inverse rate upon the partial pressure of O, (16). However,
applying this method to other catalysts is debatable and at
low conversions of 10% or less the errors will not be unac-
ceptably large; consequently, no corrections were made to
the data in Table 4, and thus they reflect the effect of O,.
As a result, the activities from Amirnazmi et al. are some-
what overestimated while the rates from Hamada et al. (23)
are somewhat underestimated because they represent rate
data at high conversions (17-45%). The rate data in Table 4
show that Cu-ZSM-5 (48) is overwhelmingly more active
than the others, and its activity is followed by Ag/Co30,4
and Co304 (23). KoNiF4-type mixed oxides, La; 5SrosCuQOy
and LaMnggCuq 4Oz are more active than Mn,O3 on a sur-
face area basis (30), but similar on a weight basis because
their surface areas are small. Within the group of simple bi-
nary oxides, the specific activity of Mn,O3 is less than that
of Co30,, similar to that of La,O3, and higher than those
of CuQ, NiO, and Fe,O3 (16). As to the apparent activa-

tion energies, the respective values of 11 and 15 kcal/mol
for Mn,O3z and Mn3Oy, are relatively low compared to those
for the other catalysts listed in Table 4. The apparent activa-
tion energies for the dozens of oxides catalysts reviewed by
Hightower and van Leirsburg range from 10 to 40 kcal/mol
(10), which again shows that the E, values for Mn,O3 and
Mn3Oy are relatively low.

While homogeneous NO decomposition seems to pro-
ceed with a second-order dependence on NO (49), reported
reaction orders with respect to NO for the catalytic decom-
position of NO have varied from zero to two (10). A zero-
order dependence on NO pressure has been reported for
NO decomposition over metal oxides such as Cr,O3 and
Fe,O3 (50). In contrast, second-order dependences on NO
were obtained by Yur’eva et al. (17) and Sakaida et al. (18)
for this reaction over various metal oxides. On the other
hand, first-order kinetics were obtained over Co,03 and
CuO by Sourirajan and Blumenthal (20), which was later
confirmed by Shelef et al. (19). Winter proposed first-order
kinetics for many metal oxides (15), and Amirnazmi et al.
determined first-order NO dependencies for NO decom-
position over Pt/Al,O3 and several metal oxides (16). At
the time of their review of catalytic NO decomposition,
Hightower and van Leirsburg concluded that there was a
general consensus that the reaction was first order in NO
(10). After that, however, lwamoto et al. found a reaction
order of 1.6 for NO decomposition over a Cu(l1)-exchanged
Y-type zeolite (51), whereas Li and Hall found a first-order
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dependence on NO for NO decomposition over Cu-ZSM-5
(48). In the present case, the reaction orders on NO were
found to be clearly and consistently greater than unity for
both Mn,O3 and Mn3O,4. With Mn,O3 the reaction order
was 1.5 at 873 K over a wide range of NO partial pressures
from 0.002 to 0.04 atm, and it was always greater with O,
in the feed gas than in its absence, which seems reasonable
for the following reasons. In the absence of O, in the feed,
the inhibitory effect of O, would be imposed only by the
O, formed during reaction. With other conditions fixed, the
amount of O, formed would be larger at higher NO partial
pressures because of higher rates, hence higher conversions
of NO decomposition; thus the inhibitory effect of O, can
be more pronounced at higher NO partial pressures which
can result in lower apparent reaction orders with respect
to NO. In the presence of a relatively large amount of O,
in the feed gas, on the other hand, the O, formed by de-
composition is small compared to the already existing O,
partial pressure so that an additional inhibitory effect is not
significant. If O, competes with NO for adsorption sites, the
surface coverage by oxygen has a significant effect.

An inhibitory effect of O, upon NO decomposition has
been suggested or reported in many papers (10), yet few
detailed investigations have quantified it. Amirnazmi et al.
examined the effect of O, partial pressure on the rate of
NO decomposition over Pt/Al,O3 and Co304 at 873 K and
near atmospheric pressure using an NO concentration of
5% and O, concentrations ranging from 1 to 5%, and they
calculated reaction orders with respect to O, of —0.6 for
Pt/Al,0O3 and —0.8 for Co304 (16). In their study of NO de-
composition over Cu/ZSM-5, Li and Hall determined reac-
tion orders for O, of —0.22 to —0.44 which increased as the
temperature decreased from 823 to 723 K (48). As given in
Table 3, the reaction orders of O, observed in the present
study were —0.3 to —0.4 under reaction conditions similar
to those used by Amirnazmi et al., which indicates a some-
what smaller inhibitory effect of O, for Mn,O3 compared
to their catalysts.

Various rate expressions and pertinent reaction mecha-
nisms have been proposed in the literature. The rate ex-
pressions have been either first- or second-order in NO,
and all of them contain an O,-related term to incorporate
the inhibitory effect of O,. Winter thought that oxygen va-
cancies are important and proposed that a pair of adjacent
F-centers, each designated as an electron bound to an oxy-
gen vacancy, was the active site. Based on the observed
first-order NO dependence for its decomposition over vari-
ous metal oxides, he proposed rapid adsorption of the initial
NO molecule followed by a rate-determining step associ-
ated with the adsorption of a second NO molecule on the
adjacent open F-center. His mechanism led to a rate ex-
pression of the form, r=aPno/(1+bPo,), where a and b
are constants (15). Having also observed first-order kinet-
ics for NO decomposition over Pt/Al,O3 and several metal
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oxides, Amirnazmi et al. concluded that a rate expression of
the same form as Winter’s could adequately represent their
experimental data (16), and such a rate expression was ob-
tained by assuming that the adsorption of NO on a site,
designated as *, was one of three slow steps and the con-
centration of the most abundant surface species, O*, was
governed by the equilibrium: Os + Ox & O, + *, where
O is a mobile surface oxygen atom (52), as shown below:

NO + *x — NO=x

NO 4 NO#* — N,O + Ox
N>O — N, + Oq

O; +0x & Oy + *.

No explanations or suggestions were made on the nature
of the surface site and the distinction between O* and O;.
Hall and co-workers obtained a somewhat different rate
expression, i.e., r=aPno/(1+ bPééz), based on their study
with Cu-ZSM-56 (48, 53). The model assumed that extra
lattice oxygen atoms represented reaction centers, desig-
nated as O*, and postulated a dinitrosyl-type intermediate,
[*NO2NO], which decomposes into N, and O, and regener-
ates the O* site. Sakaida et al. found that a rate expression
oftheformr = P/ (1+bP5.%)? fit their experimental data
over Pt-Ni/Al,O3 well, and they suggested a three-step se-
guence which included a reaction between two adsorbed
NO molecules (18). Although numerous rate expressions
have been proposed, including some not mentioned above
(10), constants in these expressions have seldom been de-
termined and only Boudart and co-workers have assessed
their reasonableness (16, 52). The maximum first-order de-
pendence of the first two rate expressions clearly eliminates
them as candidates to describe the near second-order kinet-
ics observed in our study.

Examination of the detailed kinetic data with Mn,O3 sug-
gests that NO decomposition over Mn,O3 proceeds via a
second-order, rate-determining surface reaction between
NO molecules or NO-related intermediates, with retarda-
tion effects by O, or oxygen-related intermediates. With
this perspective the following Langmuir-Hinshelwood
(L-H) model can be proposed, where * donotes an active
site:

Kno
2INO +% = NO%|

2NO% %5 Ny +20% (rds) or {

1/Ko,
= O, + 2%

2NOx* — N,Ox + Ox
N,Ox — Ny + Ox

20x%

2NO — Ny + Os,.

The first step represents quasi-equilibrated NO adsorption
followed by a rate-determining bimolecular surface reac-
tion between adsorbed NO molecules to produce N; and
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oxygen. The third step is the regeneration of active sites
by O, desorption. It is possible that the second step in-
volves the formation of N,O and its rapid decomposition, as
shown in brackets, because N,O was observed by mass spec-
troscopy when NO was contacted with freshly pretreated
Mn,O3 at 300 K (54). The same experiment conducted at
573 K produced much less gas-phase N,O, which implies
rapid decomposition of N,O at the higher temperatures. A
rate of 0.60 zmole Na/s/m? for N,O decomposition at 873 K
and 0.04 atm N,O can be estimated using the rate expres-
sion developed in a previous study (4); this rate is 700 times
greater than the rate of NO decomposition at 873 K and
0.04 atm of NO, i.e., 8.1 x 107* umol Ny/s/m?. If the con-
centration of N,O* is very low compared to other surface
species, which is reasonable because the adsorption of N,O
on Mn,0s3 is weak even at 300 K (4), and if the total con-
centration of active sites, L, is constant, the following L-H
rate expression can be easily derived from a site balance
assuming only adsorbed NO molecules and O atoms need
to be considered. If 9o is the coverage of NO and k' = Lk,
then

K'K&o Plo

r = Lk6Zo = .
(1+ KnoPuo + KgZ2Pg2?)?

[1]

The L-H expression embodies a reaction order up to two for
NO and the inhibitory effect of O,. The rate-determining
step could be the formation of N,O, followed by its rapid de-
composition into Ny, but this sequence gives the same rate
expression as above. Other models were examined, such as
the three previously mentioned plus those invoking a uni-
molecular decomposition of the surface NO speciesasarate
determining step, but were discarded because they were in-
consistent with the experimental results (5). The model in-
volving the quasi-equilibrated formation of a surface (NO)3
species via gas-phase and adsorbed NO molecules is a pos-
sibility and is discussed elsewhere (54), but the model pro-
posed here is the simplest that gives a meaningful fit of the
data.

The derived, three-parameter rate expression was fit-
ted to the experimental data using a nonlinear regression
scheme, i.e., the Gauss—Newton iterative technique, under
the conditions that the three parameters be positive and
the convergence criterion be 10~ (5). Figure 8 shows that
an excellent fit between the model and the experimental
data for NO is obtained, while Fig. 9 shows a less accu-
rate, but still satisfactory fit for the O, dependence with a
maximum deviation of 30% at the lowest rate where the
most significant analytical errors are expected. The kinetic
and thermodynamic parameters obtained from the fitting
procedure are listed in Table 5 and have reasonable de-
pendencies; i.e., the rate constant increases and the equi-
librium adsorption constants decrease as temperature in-
creases. From these parameters at different temperatures,
the activation energy for the rate determining step, E,, and
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FIG. 8. Fit between model and experimental data for NO decompo-

sition over Mn,O3. No O; in the feed: (@) 833 K, (A) 853 K, (m) 873 K;
0.01 atm O in the feed: (O) 833 K, (A) 853 K, () 873 K.

the enthalpy and entropy of adsorption for NO and Oy,
AHY; and ASZ, were determined as shown in Fig. 10. The
activation energy obtained is 46 kcal/mol, which is higher
than that of 31 kcal/mol for N,O decomposition on Mn,O3,
thus perhaps reflecting the higher bond strength in the NO
molecule. For NO adsorption, AHS, was —25 kcal/mol and
ASYy was —25 cal/mol/K, and for O adsorption, AHg, was
—35 kcal/mol, and ASZ, was —31 cal/mol/K. Both ASY; val-
ues satisfy the criteria for ASY, proposed by Boudart et al.
(55) and Vannice et al. (56). Higher AH2, values for NO
adsorption than for N,O adsorption are consistent with the
respective chemisorption behavior, and the apparent acti-
vation energy for NO decomposition is lower than for N,O

0.004
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0.002-

0.001

NO decomposition rate (umol Ny/s«g)

U I NS N
0 0.01 0.02 0.03 0<b4 0.05

P,, (atm)
FIG.9. Fit between model and experimental data for NO decompo-

sition over Mn,03. Pno =0.02 atm in the feed: (O) 833 K, (A) 853 K, ()
873 K.
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TABLE 5

Parameters from Kinetic Rate Expression (Eq. [1])

Temperature
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TABLE 6

Specific Activities for NO Decomposition over Oxide Catalysts
(Pno=0.02 atm, T =773 K)

Specific activity TOF?

833K 853 K 873K Catalyst (umol Nafs - m? x 10°%) (s~ x 10% Reference

Kno (atm™1) 12.2 7.86 6.18 Mn,05 0.14 0.3 This study

K (umol/sim? x 10%) 9.37 19.0 33.4 Mn;O, 0.02 0.05 This study
Ko, (atm™1) 279 113 107 La,0; 0.23° 0.6 57
Sr/La,O3 0.83 1.4 57
CeO, 0.22° 0.7 57
L. . Nd,O 1.1 43 57
partly because this higher AH3, value appears in the numer- szzoz 16 36 57
ator of the rate expression. The AHZ, and ASY, values for cy.zsm-5 _ 70be 48

O, adsorption on Mn,O3 are also higher for NO decomposi-
tion than for N,O decomposition, which seems reasonable
because at the higher temperatures needed for NO decom-
position, a stronger interaction is required between oxygen
and the catalyst surface for adsorption. It is also possible
that different active sites are involved, however.

Although no one has yet unambiguously identified the
active sites for NO decomposition on metal oxides, there
seems to be a consensus that they are related to oxygen
vacancies (10). Such vacancies can create co-ordinatively
unsaturated cations, as well as F-centers, and the former
may well be the active sites, as discussed elsewhere (54).
Oxygen vacancies must have been produced on Mn,O3
and Mn3Oy4 by the pretreatment at 873 K because as many
as 6.1 x 10'® and 2.2 x 10'® molecules O,/m? were released
from Mn,O3; and Mn3Qq, respectively, during the pretreat-
ment, asshown in Table 1. However, amuch smaller amount
of O, chemisorbed at 300 K, i.e., 0.19 x 10'® molecules
0,/m? on Mn,O3; and 0.04 x 10*® molecules O,/m? on
Mn3O,4, presumably because 300 K is not high enough
to allow dissociative adsorption and only molecular O;
chemisorption was measured. Regardless, the higher O, up-

6- /

4
g
E .2-

'4_: \-\-\-\

B S

1.1 1.2 1.3

1000/T

FIG. 10. Dependence of rate parameters on temperature: (®) Kno
(atm™?); (W) K’ (umol/s - g); (A) Ko, (atm™).

@ Based on the irreversible uptake of NO at 300 K.
b Extrapolated values.
¢ Based on Cu loading («mole Cu/g).

take on Mn,O3; might be related to a higher oxygen vacancy
concentration, which results in a higher NO decomposition
activity for Mn,O3 compared to Mn3;O,4. Chemisorption of
NO onthe Mn,O3zand Mn3O4surfaces at 300 K may be com-
plicated first by the fact that NO can produce N,O upon con-
tact with freshly pretreated Mn,O3 or Mn3zO, (54) and sec-
ond by the observation that a portion of the NO chemisorp-
tion was kinetically controlled and thus adsorption equilib-
rium may not have been achieved. Nevertheless, it is clear
that much greater amounts of NO than O, are adsorbed
on these Mn oxides, and the two sets of NO isotherms for
Mn,0O3 and Mn3Og4 in Fig. 6 can be viewed as approximately
the same; i.e., NO coverages for Mn,O3; and Mn3;O,4 gave
respective values of 4.7 and 4.1 umol/m? or 2.8 x 10*® and
2.5 x 10 molecule/m?. Consequently, the NO chemisorp-
tion results may not tell much about either the difference
in specific activity between Mn,0O3; and Mn3O,4 or the ac-
tive sites. Regardless, turnover frequencies (TOFs) can also
be calculated based on the NO coverages, and the results
are listed in Table 6 together with other relevant values for
comparison (48, 57). The TOF values for the two Mn oxides
are smaller than those for any of the rare-earth oxides and
are much smaller than that for Cu-ZSM-5, although the
latter value uses a different basis of Cu loading.

SUMMARY

Catalytic decomposition of NO over unsupported
Mn,0O3 and Mn3O4 requires temperatures above 773 K for
significant rates to occur. During pretreatment in He at 873
K, Mn,0O3 released more oxygen than Mn3O,4 and, as with
N,O decomposition, Mn,O3 is more active than Mn3QOy,
with the activity difference more pronounced for NO
decomposition. Much higher reaction temperatures are re-
quired for NO decomposition to achieve a level of activity
similar to that for N,O decomposition, and this may reflect
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the much higher N-O bond energy in NO. Comparison
of activities with other catalysts showed that Mn,QOg is far
less active than Cu-ZSM-5, substantially less active than
Co0304, nearly as active as La,Os, and more active than
other simple binary oxides including Mn3;O,4, CuO, Fe;0s3,
and NiO. Detailed kinetic studies demonstrated that the
reaction order with respect to NO is near 1.5 with no O3 in
the feed, but increases to around 1.8 with O, present. O,
inhibits the decomposition of NO more strongly than N,O
decomposition and, unlike N,O, substantial NO chemisorp-
tion occurs on Mn;0O3 at 300 K. A Langmuir-Hinshelwood
model involving a surface reaction between two NO
molecules fits the kinetic data well and gives reasonable
model parameters which provide adsorption enthalpy and
entropy values consistent with thermodynamic criteria.
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