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The removal of NO by absorption in manganese zirconium oxide (Mn—Zr oxide) was investigated in both
the presence and absence of gaseous Oz. The Mn—Zr oxide at Mn/Zr=1 exhibited a high NO absorption rate
and capacity at 200 °C. The absorption was promoted in the presence of O2. The absorption capacity was
not strongly affected by the NO concentration (75—900 ppm) and W/F (0.125—1 gscm™2). An infrared
analysis of the absorbed species indicated that the absorption proceeds as the formation of nitrate in the
bulk solid. The absorption and desorption were reversible, and the oxide solid was recovered upon heating
a preabsorbed sample at 400 °C. Although the amorphous phase of the Mn—Zr oxide which is formed after
heating at 450 °C is effective for NO absorption, due to good mixing of manganese oxide and zirconium
oxide, heating at higher temperatures (2550 °C), leading to a decrease in the surface area and crystallization
of single oxides, resulted in a decrease in the absorption capacity. NO removal appears to proceed by the

oxidation of NO on the Mn sites, and a subsequent absorption at the Zr sites as (NO3)™

The removal of NO, from exhaust gases is impor-
tant for solving acid-rain and air-pollution problems.
The selective reduction of NO, with hydrocarbons has
recently been actively investigated for diesel and lean-
fuel engines as well as cogeneration systems.!? This
catalytic process, however, has not yet been commer-
cialized, mainly due to catalyst deactivation by the co-
existing gases, such as H,O and SO,.>% This difficulty
is partly related to the very dilute concentration of NO,
in exhaust gases. We have proposed to overcome this
difficulty by combining the separation process of NO,
from the coexisting gas with catalytic NO, conversion.
Since the conversion catalysts for concentrated NO,
have already been well-developed, the selective sepa-
ration of dilute NO, from a gaseous mixture must be
improved. The present investigation aims to remove
dilute NO, from gaseous mixtures, and producing con-
centrated nitrogen oxides by absorption—desorption cy-
cles of the solid. The reversible absorption of NO, in
solids has so far been reported for the Y~Ba-Cu-0,%
Ba~Cu-0,® and Y-Sr—Co-O7" systems. Although these
oxides have been reported to be active for removing
of a large amount of NO, by absorption, a deactiva-
tion of absorbents is expected because of the forma-
tion of surface carbonate in the presence of COy on
rare-earth or alkaline-earth components. We have re-
cently reported on the development of manganese zir-
conium oxide (Mn—Zr oxide) materials for NO, absorp-
tion, which was not affected by the presence of CO,.®
In this paper, the absorption—-desorption properties and
mechanism of the Mn—Zr oxides for NO removal are

species.

considered in terms of exhaust cleaning.

Experimental

Sample Preparation. Mixed-oxide samples were
generally prepared by coprecipitation from a solution of
the corresponding nitrate mixture. For preparing Mn-Zr
oxides, the calculated amount of Mn(NO3)3-6H20O and
ZrO(NOg3)2-2H30 (Kishida Chemical, Guaranteed reagent
grade) was dissolved in water. After adding ammonia water
to the nitrate solution, a solution with the precipitate was
first evaporated to dryness, and then heated at 450 °C for
6 h in air. The thus-obtained powder was sieved to 10—20
mesh.

In comparison with the standard preparation procedure of
coprecipitation from nitrate, the Mn—Zr oxide was prepared
by three different routes. Coprecipitation from an acetate
solution was carried out by adding ammonia water to an
aqueous solution (400 ml) of Mn(CH3COO)s (6.53 g) and
Zr(CH3sCOO)4 (6.00 g). The precipitate was also heated
at 450 °C for 6 h in air. The precursor method was em-
ployed for preparing Mn—Zr oxide. Citric acid was added to
a 0.087 moldm ™2 solution containing Mn(NO3)s; and ZrO-
(NOg3)2. The thus-obtained precursor gel was heated using
the same procedure as that in the coprecipitation process.
The Mn-Zr oxide was prepared from the hydrolysis of metal
alkoxides. Manganese diisopropoxide (1.05 g) and zirconium
tetraisopropoxide (2.00 g) (TRI Chemical Laboratory) were
first dissolved in isopropanol (200 ml); water (2 ml) was then
added to the alcoholic solution. The resultant gel was dried
and calcined at 450 °C for 6 h.

The Mn—Zr oxide was supported on an alumina support
by an impregnation process. <v-alumina powder (5.91 g)
(Catalysis Soc. Jpn., ALO-4) was suspended in a 2.52x1073



1740 Bull. Chem. Soc. Jpn., 68, No. 6 (1995)

moldm™ aqueous solution of Mn(NO3)3-6H,O and ZrO-
(NOs3)2:2H20. After the suspension had been evaporated
to dryness, the powder was treated by the same procedure
as that of unsupported samples. The loading of the Mn—Zr
oxide was 3.5 wt%.

NO Removal Experiment and Characterization.
Absorption and desorption experiments of NO were carried
out in a flow system. Nitrogen monoxide was diluted in He
and mixed with Oz before being supplied to a quartz tube
reactor. The absorption and desorption characteristics of
NO; were tested over a temperature range from 200 to 400
°C at a contact time of 0.125—1.0 gscm™3. The NO; con-
centration was analyzed using a chemical luminescence-type
NOgz meter (Shimadzu, NOA305). The efluent gas was gen-
erally passed through a carbon catalyst in order to reduce
NOg2 when analyzing a NO+NO; concentration. Only when
the NO concentration was necessary the sample gas was di-
rectly introduced to the NO; meter. The gaseous compo-
sition of the inlet and outlet mixture was also analyzed by
gas chromatography.

The absorption state of NO; was monitored using an
FT-IR spectrometer (Shimadzu, FT-IR 8200D). The phase
in the sample was identified using an X-ray diffractometer
(Rigaku, RINT-1400).

Results and Discussion

Absorption of NO by Mn—Zr Oxide. We previ-
ously reported that some oxides are effective in remov-
ing dilute NO,, in air by absorption in a solid.®® The
Mn-~Zr oxide system exhibited a high removal of dilute
NO in air. Nitrogen monoxide removal of Mn—Zr ox-
ide with different compositions was tested, as shown in
Fig. 1. A gaseous mixture containing 900 ppm NO and
10% O2 was supplied to the oxide sample at 200 °C. Al-
though the outlet concentration of NO was almost zero
in every case at the beginning of supplying the gaseous
mixture, no nitrogen-containing species were detected
during this period based on an outlet-gas analysis by gas
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Fig. 1. NO removal of Mn—-Zr oxide with different

Mn/Zr ratios. T=200 °C, 900 ppm NO, 10% Oq,
He balance, W/F=1 gscm™3. A Mn/Zr=1/9, O
Mn/Zr=1/5, ® Mn/Zr=1, O Mn/Zr=5, @ Mn/Zr=
9.
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chromatography. The removal of NO sharply decreased
with time after 10—30 min from starting the reaction,
then gradually approached zero. The total amount of
absorbed NO, estimated from integrating the removal
curve, was largest for a sample with Mn/Zr=1. The
amount of NO removal (0.08 mol/mol-Zr for Mn/Zr=1)
was so large that the NO uptake was not merely due to
adsorption on the surface, but the absorption of NO in
the bulk was operative. The absence of any nitrogen-
containing species in the outlet gas also indicates that
the removal proceeded by the absorption of NO in the
bulk of the oxide sample, and eliminated any possibility
of the catalytic decomposition of NO. The absorbed NO
was found to be released upon heating of a preabsorbed
sample at 400 °C.

A gravimetric analysis during NO removal by the
Mn-Zr oxide (Mn/Zr=1) was carried out in 900 ppm
NO+ 10% O5 at 200 °C. The NO removal accompanied
a significant weight increase of the Mn—-Zr oxide. The
cumulative increase for the initial 90 min of NO removal
amounted to 0.047 mol-NOsz/mol-Zr (1.43 wt% of the
initial weight), which was on the same order as the NO
removal obtained from the gas-phase analysis. Since
the number of Zr atoms exposed at the surface could
be roughly estimated from the surface area (ca. 180
m?g~!) and the general packing densities for cleaved
surfaces of oxide crystals to be 1073—10"* of that in
the bulk, the NO uptake observed in the present system
was too large to consider as surface adsorption, and ap-
pears to correspond to the absorption in the bulk of the
oxide.

The reversibility of the absorption and desorption of
the Mn—Zr oxide was tested by repeating the absorption
of NO at 200 °C and desorption at 400 °C in He, as
shown in Fig. 2. The absorption behavior was basically
the same as shown in Fig. 1, except for the difference in
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Fig. 2. Amount of absorbed NO after heating of
Mn—Zr oxide at 400 °C. T'=200 °C, 900 ppm NO,
10% Oa, He balance, W/F=1 gscm™3,
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the overall amount of absorption. Although the absorp-
tion capacity of the first absorption experiment after a
heat treatment at 450 °C was the largest, it then de-
creased and was almost stabilized from the 2nd cycle,
indicating that the absorption and thermal desorption
was almost reversible. The absorption amount at the
fifth absorption step decreased to ca. 85% of that at the
first step. This decrease may have resulted from a de-
crease in the surface area, or grain growth of manganese
oxide and zirconium oxide.

Effect of Gaseous Composition and Contact
Time on the Removal of NO. The removal of
NO from the Os-containing gas was tested at different
concentrations of NO (Fig. 3). The initial removal of
NO was 100% at every NO concentration. When dilute
NO of 75 ppm was supplied to the Mn—Zr oxide, the NO
removal was maintained at a high level for a long period.
Although the overall absorption capacity decreased only
slightly with decreasing NO concentration, it was not
strongly affected by the concentration of NO under the
present experimental condition.

The effect of the Oy concentration in the gas phase
on the overall absorption capacity was tested (Fig. 4).
The initial removal of NO was 100% for every concentra-
tion of O2 at 0—10%. The absorption capacity attained
during 6 h of absorption operation remained almost un-
changed when the atmosphere contained O,. However,
for the absorption experiment with NO in commercial
He, the absorption capacity was significantly smaller
than in the case of Os-containing atmospheres. This
means that the presence of gaseous oxygen is important
in the absorption of NO. Based on the previous result
for the Ba—Cu oxide system,®” NO molecules are ex-
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Fig. 3. Effect of NO concentration on NO removal

of Mn—Zr oxide. T'=200 °C, 10% Oz, He balance,
W/F=1gscm™3, NO concentration: O 75 ppm, 0
150 ppm, A 450 ppm, ® 900 ppm.
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. Fig. 4. Effect of oxygen concentration on NO absorp-
tion capacity of Mn—Zr oxide. T'=200 °C, 900 ppm
NO, 10% Oz, He balance, W/F=1 gscm™3.

pected to be oxidized on the surface of Mn—Zr oxide and
retained in the solid as nitrate ions. Even when com-
mercially available He was supplied to the Mn-Zr oxide
and a relatively small amount of NO(0.017 mol/mol-
Zr) was absorbed. In this case, oxygen appears to have
been supplied not only from impurity O2 in commercial
He, but also from the lattice of the Mn oxide accom-
panied by the reduction of Mn ions, since the valence
of Mn is very sensitive to the atmosphere. Thus, the
absorption proceeded until the available lattice oxygen
was consumed for the oxidation of NO.

The effect of the contact time (W /F) was also inves-
tigated, as shown in Fig. 5, where W is the weight of the
Mn—Zr oxide and F is the total flow rate. NO removal
was 100% for contact times of 1.0, 0.5, and 0.25 gscm ™3
at the start of absorption, whereas it decreased sharply
in the case of W /F=0.125 gscm™3. The amount of ab-
sorption per Zr ion, on the other hand, was not strongly
affected by W /F. Since a large flow rate led to a rapid
saturation of absorption, the total absorption capacity
was unchanged with W /F. The contact time and NO
concentration did not affect the overall absorption ca-
pacity under the present experimental conditions, and
the initial NO removal was high in every case. There-
fore, the absorption was regarded as being very rapid.
Such rapid absorption is favorable regarding practical
applications of the NO-removal system.

Effect of the Calcination Temperature for
Mn—Zr Oxide. Mn—Zr oxide was calcined at different
temperatures and subjected to the absorption experi-
ment shown in Fig. 6. NO absorption was observable
for Mn—Zr oxide (Mn/Zr=1) calcined at different tem-
peratures; however, the amount of absorption was quite
different depending on the heat-treatment temperature.
The overall amount of absorption was maximum for a
sample heated at 450 °C, but decreased along with ei-
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Fig. 5. Effect of contact time on NO removal of Mn—Zr
oxide. T'=200 °C, 900 ppm NO, 10% O2, He bal-
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Fig. 6. Effect of calcination temperature on NO re-
moval of Mn—Zr oxide (Mn/Zr=1). T=200 °C, 900
ppm NO, 10% O, He balance, W/F=1 gscm™3.
Heat treatment: O 350 °C for 6 h, [J 450 °C for 6 h,
A 550 °C for 6 h, @ 650 °C for 6 h.

ther increasing or decreasing the calcination tempera-
ture.

The effect of the calcination temperature was inves-
tigated based on a phase analysis by X-ray diffraction
(Fig. 7). The Mn—Zr oxide sample (Mn/Zr=1) heated
at 350 °C showed no obvious diffraction lines except for
a broad halo around 20=30°. As the calcination tem-
perature increased, the diffraction lines grew to form
the crystalline MnsO3 phase from 450 °C, and were
sharpened and intensified with increasing temperature.
On the contrary, the halo from the amorphous body

Absorption of NO in Mn—Zr Ozxide
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Fig. 7. XRD pattern of Mn-Zr oxide after calcina-

tion. Values in parentheses are surface areas of the
samples. O Mn2O3, O ZrO2.

was weakened. The sharp diffraction lines after heating
at 650 °C were attributed to Mn,O3 and ZrO, phases.
The surface areas of the samples are also listed in the
figure. The surface area was very high at low calcina-
tion temperature (>180 m2 g~!), but decreased accom-
panied by crystal growth and sintering of the oxide.

The X-ray diffraction data indicate that the equilib-
rium phase at this composition represents a coexisting
2 phases of manganese oxide and zirconium oxide. The
valence of Zr appears to be 4+, whereas that of Mn may
be very sensitive to both the atmosphere and temper-
ature. Considering the phase and surface area at each
calcination temperature, the decrease in the absorption
capacity at high calcination temperature is due to the
crystallization of the sample and phase separation into
two oxides as the system is equilibrated. The good mix-
ing of the Mn and Zr components in the amorphous
phase is expected to be important for a high absorption
capacity of NO. The decrease in the surface area also
appears to retard absorption, since the absorption initi-
ates from the surface oxidation of NO. However, a low-
temperature calcination, e.g., at 350 °C, was also inef-
fective for NO absorption due to the following reason.

The thermogravimetric curve of the Mn—Zr oxide
(Mn/Zr=1) before calcination indicated that the weight
decrease started from 100 °C, and came to completion
at 600 °C. This weight decrease is attributed to the
decomposition of nitrate and the elimination of water
from the solid, as explained later. Since a relatively
large amount of NO is still contained in the solid at 350
°C in air, calcination at this temperature is not suffi-
cient to decompose the nitrate. These results indicate
that a heat treatment at around 400—450 °C is the
optimum to attain large NO absorption.

Mechanism of NO Absorption. The removal
of NO by Mn-Zr oxide can be explained by the absorp-
tion of oxidized NO, species in the solid bulk, as already
mentioned, judging from the large NO uptake without
producing any nitrogen-containing species or weight in-
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crease accompanied by removal. Therefore, the infrared
spectra were recorded both before and after the absorp-
tion of NO (Fig. 8) in order to observe the NO, species
in the Mn-Zr oxide. After freshly prepared Mn-Zr ox-
ide was heated at 450 °C, a weak band was observed at
1384 cm™!. Upon exposure to NO at 200 °C, although
no new absorption band appeared, the band at 1384
cm~! was significantly intensified, and was grown with
prolonged absorption. Even after exposure to NO and
O, for 90 min at 200 °C, a subsequent heating treat-
ment at 400 °C in He significantly weakened the peak at
1384 cm~! due to desorption of the NO, species. The
band at 1384 cm™! is characteristic of metal nitrates,
and can be attributed to the (NO3)™ species on or in
the solid.” Zirconium nitrate oxide, ZrO(NO3),, also
exhibited a sharp IR band at 1384 cm—!. The absorp-
tion of NO is expected to be initiated by the oxidation
of NO to NO, on the oxide surface, and subsequently
proceed by accumulation of (NO3)~ ions in the solid.
The absorbed NO is therefore released from the solid
by the thermal decomposition of the nitrate ion.

The role of two metallic components in the Mn—Zr
oxide was further investigated. The temperature de-
pendence of the catalytic activity of manganese oxide
for the oxidation of NO is shown in Fig. 9. The solid
line in the figure is the equilibrium conversion of NO at
10%. Since the activity of Mn oxide was high enough
to attain equilibrium conversion, the Mn species in the
Mn—Zr oxide are expected to serve as catalysts for the
oxidation of NO to NOs. Nitrogen dioxide appears to
be the intermediate to form NOj3 species.

TG and DTA curves of ZrO(NO3)2:2H30 are shown
in Fig. 10. The weight decrease below 230 °C is very
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Fig. 8. FT-IR spectra of Mn—7Zr oxide. (a) before NO

absorption. (b) after NO absorption at 200 °C for 15
min. (c) after NO absorption at 200 °C for 90 min.
(d) after heating sample (c) at 400 °C.
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complicated, i.e., three exothermic peaks were observed.
Although these peaks appear to correspond to a loss
of the water of absorption, crystallization, and partial
decomposition of nitrate, the mechanism of the decom-
position process at this low temperature region was not
analyzed in detail. The significant weight decrease from
200 °C is attributed to the complete decomposition of
nitrate oxide into oxide. The weight decrease ended at
600 °C with the formation of ZrO,. The weight decrease
from room temperature to 600 °C was almost equal to
that expected from the following reaction:

ZIO(N03)2-2H20 — ZrO2 + 2H20 +2NO2 + 1/202. (1)

The decomposition temperature of ZrO(NOjz)y was
higher than that of Mn(NOjs)s, and almost agreed with
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that for the desorption of NO from the Mn—Zr oxide.
Thus, the absorption of the oxidized NO species in this
mixed-oxide system mainly occurs at Zr sites via the
formation of a nitrate oxide-like compound at or be-
low 200 °C. However, the NO, species retained in the
Mn-Zr oxide again desorbed in the gas phase from 300
°C. At 400 °C, most of the NO had already been re-
leased from the solid. The formation of stable nitrate
oxide-like species is expected to be the reason for the
large absorption capacity of the Mn—Zr oxide.

Effect of the Preparation Method of Mn—Zr
Oxide. The Mn—-Zr oxide powder was prepared by
4 different methods, and subjected to the NO absorp-
tion experiment (Fig. 11). The powder obtained by co-
precipitation from nitrate solution, the standard prepa-
ration method in this study, gave the highest overall
removal of NO. A sample prepared by the precursor
method, in which citric acid was added to a metal ni-
trate solution, also exhibited a relatively large absorp-
tion capacity. The surface area after heating at 450 °C
for 6 h was 117 m? g~ for the Mn—Zr oxide prepared by
the sol-gel process using metal isopropoxides, which is
smaller than the value obtained for the coprecipitated
sample from the nitrate solution (185 m? g~!). The ab-
sorption curve for the sol-gel processed sample sharply
decreased from the beginning of the reaction. The ab-
sorption capacity is, therefore, obviously larger for the
sample coprecipitated from nitrate. The grain growth
of oxide obtained from the sol-gel method appears to
have occurred to reduce the surface area, leading to the
separation of two metallic components.

Although the removal of NO was the gas—solid bulk

100800-0—0—0 T T T T
O
80T
g
2601 1
3
@)
: .
401
S| o
O O
A
201 L
(]
Ar , %0400,
OO 1 2 . 4 5 6 7
Time / h
Fig. 11. NO removal of Mn—Zr oxides obtained by dif-

ferent preparation methods. 7'=200 °C, 900 ppm
NO, 10% Oa, He balance, W/F=1 gscm™>. Sam-
ples were prepared by O coprecipitation from metal
nitrates solution with ammonia. A coprecipitation
from metal acetates solution with ammonia. [J co-
precipitation from metal nitrates solution with an ad-
dition citric acid. @ hydrolysis of metal alkoxide.

Absorption of NO in Mn—Zr Ozide

reaction, as explained above, the absorption was ini-
tiated by a surface oxidation of the NO species. The
surface area, therefore, significantly influences both the
absorption rate and capacity. Only a limited part of
the solid within a certain depth from the surface is ex-
pected to participate in the absorption reaction prac-
tically, since the absorption may accompany the dif-
fusion of reacting species in the formed nitrate layer.
The surface-to-volume ratio of the Mn-Zr oxide can
be enhanced by depositing oxide fine particles on an
oxide support with a large surface area. The absorp-
tion curve of NO for Mn-Zr oxide/Al;O3 is shown in
Fig. 12. The supported Mn—Zr oxide also exhibited a
high removal of NO, which amounted to 4.91 cm3g~!
or 1.214 mol/mol-Zr. Therefore, most of the Zr ions in
the solid are expected to participate in the absorption
of NO. A significant increase in the molar ratio of ab-
sorbed NO/Zr partially resulted from an enhancement
in the surface area. However, small grains of Mn and
Zr oxides formed by impregnation also brought about
good mixing of both components at the surface so as to
significantly enhance the absorption capacity.

Conclusions

The present investigation indicated the possibility of
Mn—Zr oxide as a new material for the absorption of
NO,. The absorption—desorption behavior of solid has
not been satisfactorily investigated because research in-
volving NO, removal has been focused on the devel-
opment of the catalytic process. However, the present
system proposes the possibility of coupling the catalytic
process with the separation process, which is based on
the absorption—desorption cycle. The treatment of con-
centrated NO eliminates most of the difficulty encoun-
tered for the selective catalytic reduction of NO by hy-
drocarbons and catalytic NO decomposition. The ab-
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Fig. 12. Absorption curve of NO for 3.5 wt% Mn—Zr

oxide supported on Al;O3 at 200 °C. 900 ppm NO,
10% Os, He balance, W/F=1 gscm™>.
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sorption of NO in the Mn-Zr oxide is very large in its
amount, since the reaction is basically governed by the
gas—solid reaction. However, the rate of removal is af-
fected by the extent of mixing between the Mn- and Zr-
oxides and the surface area of the mixed oxide. From
this respect, the absorption material should be designed
based on the control of the microstructure and compo-
nent selection. The development of the system design
is also necessary for the coupling of this absorption—de-
sorption process and the catalytic-conversion steps.
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