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Abstract
Low-value solid waste cordierite honeycomb ceramics were used as carrier of SCO denitration catalyst, and the active component
was supported by the impregnationmethod to improve the performance of the catalyst. Firstly, the effect of calcination conditions
on the denitration performance of the Mn-loaded cordierite catalyst was studied for the cordierite-loaded active component
MnOX. Secondly, the preferred catalyst was reloaded with another active component to further improve its denitration perfor-
mance; the bimetal ratios were affected by the denitration performance, which was, finally, characterized by XRD, XPS, and
SEM. The result shows the following: (1) Mn-loaded cordierite prepared at 450 °C for 3 h has a good denitration effect; (2) the
MnOX-CuOX/CR catalyst is superior to MnOX-FeOX/CR, MnOX-CoOX/CR, and MnOX-CeOX/CR; (3) the MnO2 crystal form
in the single metal-supported catalyst plays a major role, and Cu2Mn3O8 in the bimetallic catalyst affects the performance and
activity of the catalyst.
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Introduction

With the rapid development of the world economy, the living
environment of mankind is increasingly facing a severe test,
and the atmospheric environment on which we live has been
seriously polluted (Wang et al. 2020). Nitrogen oxides (NO,
NO2, etc.) have many hazards and are one of the causes of air
pollution problems (Wang et al. 2018; Liu et al. 2017; Zhang
et al. 2019a, b). At this stage, China’s large boilers mainly
use coal as raw material (Rahman et al. 2019; Qiang et al.
2020; Zhang et al. 2020a, b, c). A large number of coal-fired

power plants and nitrogen oxides emitted from steel-making
boilers are one of the root causes of atmospheric pollution
and photochemical smog, and their pollution hazards are
widespread (Ashraf et al. 2019; Liu et al. 2019a, b; Chen
et al. 2014). NOX is not only the basis of nitric acid–type
acid rain but also one of the main substances that form the
greenhouse effect and destroy the ozone layer. It has strong
toxicity and is harmful to human health, environment, ecol-
ogy, and social and economic damage (Zhao et al. 2019a, b;
Zhang et al. 2019a, b; Jogi et al. 2018). Therefore, the control
of NOX is imperative.
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At present, selective catalytic reduction (SCR) technology,
which uses ammonia as reducing agent to reduce NO to N2, is
the most commonly used method to remove NOX from flue
gas, but it has a high demand for catalyst (Han et al. 2019a, b;
Liu et al. 2018). The successful SCR denitration catalyst is
mainly a mixture of vanadium-titanium and tungsten trioxide
or molybdenum trioxide (Wang et al. 2019a, b; Junhui et al.
2020; Song et al. 2020). Although vanadium-based catalysts
have excellent activity and stability, they are also defective
(Jiang et al. 2019; Song et al. 2019). The catalyst is only active
in the temperature range of 380 to 450 °C. When the temper-
ature is lower than 420 °C, the pores are blocked by the am-
monium sulfate salt formed by the side reaction, and the ac-
tivity is decreased (Jaegers et al. 2019; Tan et al. 2019; Zhao
et al. 2019a, b). In addition, the cost of vanadium-titanium-
type denitration catalyst is expensive, which is a significant
expense for the enterprise.

Aiming at the shortcomings of the above SCR method, the
selective catalytic oxidation (SCO)method for removingNOX

from the background of nitrogen oxides in boiler coal-fired
flue gas is proposed. SCO is a flue gas purification technology
that can simultaneously desulfurize and denitrify and can pro-
duce economical by-products. Since SCO does not require
additional reducing gas, it has strong competitiveness (Liu
et al. 2019a, b; Chen et al. 2017). SCO means that under the
action of the catalyst, NO is partially oxidized to NO2 by using
oxygen in the flue gas, so that the oxidation degree (NO2/
NOX) reaches 50 to 60% (at this time, the absorption efficien-
cy is the highest) (Jablonska et al. 2018; Zhao et al. 2018;
Tang et al. 2011). Then, the absorbent of wet desulfurization
is used to realize wet desulfurization and denitration at the
same time, and valuable by-products such as ammonium sul-
fate are generated by the self-oxidation and reduction of nitro-
gen oxides and sulfur oxides (Karthik et al. 2019). Themethod
has low investment cost and low operating cost, and is com-
patible with the subsequent wet absorption process. The treat-
ment efficiency can be as high as 99% or more, and it can
generate economic benefits, and can simultaneously desulfur-
ize and denitrify and reduce purification process and cost, and
it will be the most valuable flue gas purification technology
(Selvamani et al. 2017; Han et al. 2019a, b; Italiano et al.
2016). Since the SCO absorption method denitration has a
catalytic oxidation process compared with the alkali
denitration, this process greatly increases the denitration rate.

Like the SCR process, the catalyst is the core of the pro-
cess. Choosing a catalyst with low temperature activity and
low cost is essential for companies to reduce their costs and
increase their benefits (Zhang et al. 2020a, b, c). At present,
most of denitration catalysts are supported catalysts, and most
of the carriers are materials with large pore structure, such as
molecular sieve and active carbon (Vita et al. 2018; Wen et al.
2019). Compared with other kinds of catalysts, mordenite has
good acid and corrosion resistance, which is suitable for some

specific denitration processes (Moskovskaya et al. 2019).
Activated carbon catalyst and molecular sieve catalyst have
high activity for catalytic oxidation of NO at low temperature,
and even have large conversion rate at room temperature, but
molecular sieve and activated carbon are complicated in prep-
aration and high in cost (Xu et al. 2020). Therefore, it is of
great research significance and use value to choose a carrier
with low price to obtain stable performance. In recent years,
more and more researchers hope to use the solid waste pro-
duced in industry to prepare high-performance functional ma-
terials. Cordierite raw materials prepared from industrial solid
waste or mined tailings are easily available due to their low
cost. Also, preparing it as a catalyst can reduce the cost of the
catalyst and improve its utilization (Yi et al. 2018; Zhu et al.
2019; Abdelhamid 2019).

Cordierite is often used as a refractory because of its high
mechanical properties and high thermal stability. More and
more solid waste is used to prepare cordierite materials, and
we used the prepared commercial cordierite honeycomb ce-
ramics in this paper. Based on our research on cordierite
(Zhang et al. 2020a, b, c), in this experiment, the low-value
cordierite was used as the carrier and different metal compo-
nents as the active components to prepare an efficient catalyst
for low-temperature SCO denitration processes, which not
only realized the utilization of solid waste resources but also
achieved the reduction of industrial flue gas, achieving a win-
win situation.

Experimental

Experimental device

The activity evaluation of the catalyst is shown in Fig. 1.

Methods

Materials

The cordierite used in this experiment is a honeycomb ceramic
material. Moreover, it has great mechanical strength and needs
to be cut into 0.5-cm pieces during the laboratory test. It took 3
groups of 5 g cordierite, and they were put into a 100-mL
beaker. Distilled water was added until the cordierite was
completely immersed and sealed. After 24 h, when the cordi-
erite was saturated, it was taken out and weighed and the
average value calculated; the saturated water absorption of
cordierite was 1.373 g.

The preparation of the catalyst

1. The cordierite was cut into the cubic with a side length of
about 5 mm.

23696 Environ Sci Pollut Res (2020) 27:23695–23706



2. One percent of Mn was loaded on the cordierite using an
equal-volume impregnation method, and the loaded
samples were calcined in the muffle furnace at 350 °C,
450 °C, and 550 °C to investigate the optimum calcina-
tion temperature of the cordierite catalyst. In order to
investigate the optimum calcination time, the loaded
sample was calcined in the muffle furnace for 2 h, 3 h,
and 4 h under the condition of the optimum calcination
temperature.

3. Under the optimal calcination conditions, the fixed Mn/X
(X = Cu, Co, Fe, Ce), the loading ratio was 2:1. The sec-
ond metal on the MnOx catalyst was immersed by

distributed impregnation, and the optimal bimetallic sup-
ported catalyst was obtained.

4. The optimal bimetal obtained in (3) was adjusted to the
Mn/X load ratio: 1:2, 1:3, 1:5, 5:1, 3:1, 2:1, 2:3, 3: 2; the
optimal loading ratio of the bimetallic supported catalyst
was investigated.

Flue gas analysis and evaluation system

In this experiment, the temperature of the reactor was set to
150 °C, and the total amount of gas was 1000 mL/min, in

Fig. 1 Catalyst activity evaluation experimental process
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which nitrogen monoxide was 600 ppm, oxygen was 6%, and
the rest was nitrogen.

Different catalysts were placed in the temperature control
tower, and the change in NO was detected and recorded by a
flue gas analyzer (Testo 340).

The calculation method of the denitration rate is as follows:

Removal efficiency ¼ CNOinlet−CNOoutlet

CNOinlet

� 100% ð1Þ

Experimental characterization

XRD The sample was tested by an XD-3 X-ray diffraction
analyzer to obtain an XRD pattern. The composition of
grains and materials formed on the surface of the catalyst
was observed, and the denitration mechanism was studied
from the viewpoint of catalyst crystallites and dispersion.

SEM Secondary electron signal imaging was used to capture
the characteristics of the surface of the sample; that is, the
sample was scanned with a particularly narrow electron beam,
causing the two to interact and produce an effect. The second-
ary electrons magnify the topography of the sample surface,
which was created chronologically as the sample scanned. In
this paper, the SEM model was JSM-6460LV, the working
voltage was 20 kV, and the magnification was 5000 times.

XPS The sample was X-rayed to excite inner electrons (or
valence electrons) in the atoms (or molecules). Photons could
excite photoelectrons (energy measurable) and obtain the
composition of the analyte through photoelectron spectrosco-
py. The X-ray photoelectron spectrometer model used in this
paper was ESCALAB 250 (manufactured by Thermo Fisher
Scientific, USA). The instrument had a sensitivity of
180 KCPS, an energy resolution of 0.45 eV (Ag), and an
image resolution of 3 μm. The results of the analysis were
all corrected with C1s.

Results and discussion

Effect of calcination conditions on denitration
performance of MnOx/CR catalysts

Effect of calcination time on denitration performance
of MnOx/CR catalyst

Three sets of 5 g cordierite catalyst loaded with 1% Mn were
weighed and placed in the muffle furnace at 450 °C for calci-
nation, and the calcination time was set to 2 h, 3 h, and 4 h,
respectively. The calcined catalyst was added to the SCO
denitration apparatus for denitration experiments, then the

optimum calcination time was screened; the results are shown
in Fig. 2a.

It can be seen from Fig. 2a that the denitration rate increases
first and then decreases with the extension of the calcination
time. When the calcination time is short, the metal substance
supported on the catalyst surface does not react with oxygen
sufficiently, and manganese nitrate cannot be oxidized into
oxide form of manganese completely, so the denitration effect
is not obvious. Moreover, since the calcination time is short,
the catalyst does not form a uniform pore structure, and the
denitration effect is also low. As the calcination time is
prolonged, the contact time of the catalyst with oxygen in-
creases, and nitrate can be fully oxidized, so the uniformly
pore structure is formed, and the denitration effect is best.
However, when the calcination time is too long, the smaller
pore structure in the catalyst is continuously destroyed,
resulting in the disappearance of many smaller pores.
Moreover, the active sites are reduced, shortening the resi-
dence time of the flue gas in the catalyst, weakening the cat-
alytic effect of the catalyst, so the denitration effect decreases.
In summary, when the calcination time is 3 h, the denitration
effect is best.

Effect of calcination temperature on denitration performance
of MnOx/CR catalyst

Three sets of 5 g cordierite catalyst loaded with 1% Mn were
weighed and placed in the muffle furnace for 3 h, and the
calcination temperature was set at 350 °C, 450 °C, and
550 °C, respectively. The calcined catalyst was added to the
SCO denitration apparatus for experiments, so the optimum
calcination time was screened; the results are shown in Fig.
2b.

It can be seen from Fig. 2b, that the denitration rate
increases first and then decreases with the calcination
temperature increasing. When the calcination time is
short, the metal substance supported on the catalyst sur-
face does not react with oxygen sufficiently. Moreover,
manganese nitrate cannot be oxidized into the oxide form
of manganese completely, and the active site on the cata-
lyst surface is formed incompletely, so the denitration ef-
fect is not obvious. When the calcination temperature in-
creases, the active component of the catalyst is capable of
reacting with oxygen sufficiently. Therefore, nitrate can
be fully oxidized, the more active site is formed, and the
denitration effect is best. When the calcination tempera-
ture is too high, the manganese oxide in the catalyst is
destroyed, and the better pore structure and active site is
destroyed. The active component in the metal oxide is
deactivated, resulting in poor denitration effect. In sum-
mary, when the calcination temperature is 450 °C, the
denitration effect is best.
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Effect of denitration performance of the bimetallic
MnOX-CuOX/CR catalyst

Effect of different metal supported catalysts on denitration
performance

Four sets of 5 g cordierite catalyst loaded with 1% Mn
were weighed, and the nitrates were selected as cerium
nitrate, ferric nitrate, copper nitrate, and cobalt nitrate.
Moreover, the cordierite catalyst is impregnated in an
equal volume as the ratio 2:1. The catalyst was placed

in the muffle furnace, and the calcination temperature
was set at 450 °C, the calcination time 3 h. The calcined
catalyst was added to the SCO denitration device for ex-
periments, and the optimum bimetallic ratio was screened.
The results are shown in Fig. 2c.

It can be seen from Fig. 2c that the effect of the bime-
tallic catalyst on denitration is obviously improved. It can
be seen that the denitration effect of the MnOX-CuOX/CR
catalyst is optimal. This is because the Mn-based catalyst
has a good activity, but its conversion rate of converting
NO to NO2 is still very low at 150 °C, which cannot meet

Fig. 2 Effect of different conditions on denitration of catalysts
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the requirements of industrial applications. Therefore, we
choose the method of doping the second metal to improve
the activity of the catalyst and achieve the purpose of
converting NO into NO2. It can be seen from Fig. 2c that,
when the metal Cu oxide is added to synergistic
denitration, the Cu-based catalyst synergizes with the
Mn-based catalyst to increase the oxygen adsorption ca-
pacity of the catalyst, and promotes the conversion of NO
to NO2 in the flue gas, thereby improving the denitration
effect.

The denitration mechanism of Cu oxide synergistic Mn-
based catalyst is

2MnO2→Mn2O3 þ O ð2Þ

Mn2O3 þ 2CuO→2MnO2 þ Cu2O ð3Þ

Cu2Oþ O→2CuO ð4Þ

The reaction between MnO2 and Mn2O3 can effectively
enhance the oxidation effect of the catalyst. The O trans-
fer between CuO and Mn2O3 enhances the reaction.
Therefore, the bimetallic supported Mn/Cu catalyst has a
better denitration effect.

Effect of bimetallic load ratio on denitration performance
of MnOX-CuOX/CR catalyst

Nine groups of 5 g cordierite were weighed, and the ratio
of MnOX/CuOX loaded on the catalyst was 1:1, 1:2, 1:3,
1:5, 2:1, 3:1, 5:1, 2:3, and 3:2. The calcination tempera-
ture was set to 450 °C, the calcination time to 3 h, and the
calcined catalyst was added to the SCO denitration device
for experiments to screen out the optimal loading ratio of
bimetal. The results are shown in Fig. 2d.

It can be seen from Fig. 2d that the catalyst with dif-
ferent loading ratios has a significant denitration effect. It
can be seen that when the ratio of MnOX/CuOX is 2:1, the
denitration effect of the catalyst is optimal. This is be-
cause MnO2 plays a major denitration role, and CuO is
mainly used for storing and releasing the oxygen. When
the ratio of MnOX/CuOX is less than 2:1, a large amount
of CuO occupies the active site of the reaction, which
reduces the active site of MnO2, so that NO cannot fully
react with the active site of MnO2, and the denitration
effect is poor. When the ratio of MnOX/CuOX is more
than 2:1, the amount of MnO2 is too large, occupying
the active site of reaction. After the reaction shown in
Eq. (2), the reaction shown in Eqs. (3) and (4) cannot be
effectively promoted, and the adjustment of CuO cannot
achieve the oxygen demand of the active sites of MnO2,
thereby the denitration effect of the catalyst decreased.

Characterization

Characterization of XRD

(1) XRD analysis of MnOx/CR catalysts with different calcina-
tion conditions Figure 3a shows the XRD patterns of the cor-
dierite catalysts prepared at different calcination times. It can
be seen that the morphology and amount of metal oxide
formed on the surface of the supported catalyst prepared at
different calcination times are different. As the calcination
time increases, the crystal of manganese oxide increases, and
the main crystal isMnO2.When the calcination time is 2 h, the
manganese nitrate is not completely oxidized into manganese
oxide due to the short calcination time, and the manganese
oxide crystal is less, so the denitration effect is poor. When
the calcination time is 3 h, manganese nitrate is completely
oxidized into manganese oxide, which has moreMnO2 crystal
and a better activity. Therefore, the denitration effect is good
when the calcination time is 3 h. When the calcination time is
4 h, although there are many manganese oxides, the MnO2

crystal with better activity is oxidized to MnO crystal.
Therefore, the denitration effect of 4 h is not as good as that
of 3 h. Combined with the difference between the calcination
time of the catalyst and the denitration efficiency, we can
conclude the following: under different calcination time con-
ditions, the denitrification effect and activity of the catalysts
prepared are different. The denitration rate of the catalysts
prepared at different times is 3 h > 4 h > 2 h, so the optimum
time for calcination is 3 h.

Figure 3b shows the XRD patterns of the cordierite cata-
lysts prepared at different calcination temperatures. It can be
seen that the cordierite catalysts prepared at different temper-
atures have different metal oxide valence states on the surface.
The higher the calcination temperature, the lower the valence
state of themetal manganese.With the calcination temperature
increasing, the oxidation of manganese oxide is MnO2→
Mn2O3→MnO, and the activity order of metal manganese
oxide is MnO2 >Mn2O3 >MnO. When the temperature is
350 °C, the manganese nitrate is not completely calcined to
form an oxide structure of manganese. When the calcination
temperature is 550 °C, manganese nitrate is completely oxi-
dized, but a lot of MnO crystal is formed, so its activity is
rather lowered. When the calcination temperature is 450 °C,
there is the most MnO2 crystal in the surface, and the catalyst
has the best activity (Yangxian et al. 2020; Veerapandian et al.
2019). In addition, manganese oxide peaks have fewer sharp
peaks; it is indicated that the large crystal of manganese oxide
does not appear, and the dispersion of manganese oxide on the
cordierite catalyst is better. Moreover, when the calcination
temperature is 450 °C, there are many kinds of manganese
oxides, among which there are more peaks of MnO2; many
manganese oxides having different valence states can be
formed during the reaction, and the activity is the best.
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From the relationship between the catalyst preparation tem-
perature and the denitration performance, the catalysts pre-
pared under different calcination temperatures have a
denitration rate of 450 °C > 550 °C > 350 °C. It is indicated
that there are many mixed valence oxides on the catalyst sur-
face, and when the crystal structure of MnO2 is large, the
denitration effect is better, so the optimum calcination temper-
ature is 450 °C.

(2) XRD analysis of different bimetallic supported catalysts
From the results shown in Fig. 2d, the MnOX-CuOX/CR bi-
metallic supported catalyst has the best denitration effect.

It can be seen from Fig. 2d that CuO is highly dispersed
on the catalyst surface after the loading of Cu, and it can be
seen from Fig. 4a that the crystal structure of Cu2Mn3O8 is
formed on the catalyst surface due to the bimetallic loading.
It is speculated that CuO and Mn2O3 enhance the reaction
synergistically, and Cu2Mn3O8 crystals play a major catalyt-
ic role.

When the metal oxide is non-stoichiometric, or when im-
purity ions or atoms are introduced, an N-type, P-type semi-
conductor can be produced. Impurities are distributed in the
crystal structure of the metal oxide by ions, atoms, or groups,
mainly at the crystal surface or the lattice junction. There
may be the impurity level in the semiconductor band gap
due to these impurities. An N-type semiconductor is an im-
purity semiconductor in which the concentration of free elec-
trons is significantly larger than the hole concentration. The
impurity provides negatively charged electron carriers,
known as N-type impurities (Maurya et al. 2019). In the N-
type semiconductor, free electrons are majority carrier, and
holes are a minority carrier; it is mainly conductive by free
electrons. Since the amount of positive and negative charges

in the N-type semiconductor is equal, the N-type semicon-
ductor exhibits electrical neutrality. Free electrons are mainly
formed by impurity atoms, and the holes are formed by ther-
mal excitation. The more impurities are incorporated, the
more the concentration of free electrons, and the better the
conductivity. The hole of the P-type semiconductor is a ma-
jority carrier, and the free electron is a minority carrier, so
that it is mainly conducted by holes. Since the amount of
positive and negative charges in the P-type semiconductor
is equal, the P-type semiconductor is electrically neutral
(Wang et al. 2019a, b). The holes are mainly formed by
impurity atoms, and the free electrons are formed by thermal
excitation. The more impurities are incorporated, the higher
the concentration of holes, and the higher the conductivity,
so the oxidation performance is higher.

The reason is that MnO2 is an N-type metal oxide, and its
Mn is in the +4 valence state, which is higher than the +2
valence state of Cu. Therefore, when CuO crystal is added
to the MnO2 crystal, the conductivity is improved due to the
increase in concentration of free electrons, so the catalytic
effect is enhanced. In addition, the catalyst has structural de-
fects due to the formation of the Cu2Mn3O8 crystal structure,
which causes the concentration of free electrons to increase in
turn, resulting in an enhanced catalytic effect. It can be seen
from Fig. 4b–d that the main crystal oxides formed are Fe2O3,
Co3O4, and Ce2O3 when metal Fe, Co, and Ce are introduced.
Since Fe2O3, Co3O4, and Ce2O3 are P-type semiconductors,
the introduction of Fe2O3, Co3O4, and Ce2O3 into the MnO2

catalyst increases the hole concentration and decreases the
concentration of free electrons, resulting in the conductivity
decrease and inactivation of the catalyst. Combined with Fig.
2c, it can be concluded that the MnOX-CuOX/CR catalyst has
the best denitration effect.

Fig. 3 XRD patterns of MnOx/CR catalysts with different calcination conditions
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It can be seen from Fig. 5 that when the MnOX/CuOX

loading ratio is 2:1, the distribution of MnO2, CuO, and
Cu2Mn3O8 is the most uniform, and the crystals of the metal
oxides are mainly MnO2 and CuO. According to the previous
analysis, MnO2 is a P-type metal oxide. Therefore, CuO crys-
tal is added to the crystal structure of MnO2, so that the con-
centration of free electrons increases, and the conductivity is
increased, so that the catalytic effect is enhanced. In addition,
the catalyst structure has defects due to the formation of
Cu2Mn3O8, which will cause the concentration of free elec-
trons increasing. When theMnOX/CuOX loading ratio is more
than 2:1, the crystal structure of MnO2 increases, which oc-
cupies more active sites on the catalyst surface, and weakens
the O transfer between CuO and Mn2O3, resulting in the de-
crease in the denitration rate. When the MnOX/CuOX loading
ratio is less than 2:1, the CuO crystal formed on the catalyst
surface increases, occupying the active site in the catalyst.
Because the MnO2 crystal is the main role in the denitration
process, the activity of the catalyst is lowered when CuO

Fig. 4 XRD patterns of different metal loadings

Fig. 5 XRD pattern of MnOX-CuOX/CR catalysts with different loading
ratios
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occupies the reactive site, resulting in a decrease in the
denitration rate. Therefore, when the MnOX/CuOX loading
ratio is 2:1, the denitration effect is the best.

Characterization of SEM

Figure 6 is an SEM analysis with different conditions.
From the comparison between Fig. 6a–d, it can be seen that

the obvious crystal structure is formed on the catalyst surface
after the catalyst is supported by the metal. Combined with
Fig. 3a, the crystal structure is assumed to beMnO2.When the
calcination time is 2 h, the manganese nitrate supported on the
catalyst was completely calcined to manganese oxide, and
thus the crystal structure is not remarkable. When the calcina-
tion time is 3 h, the crystal structure is relatively complete and
the dispersion is uniform. When the calcination time is 4 h,
since the calcination time is too long, the catalyst crystal struc-
ture is burned, resulting in the catalyst activity decreasing.
Therefore, it can be inferred that the catalyst effect is optimal
when the calcination time is 3 h.

It can be seen from Fig. 6e–g that the significant crystal
structure is formed on the catalyst surface after loading
MnOX. It can be concluded that the crystal structure is
MnO2. When the calcination temperature is 350 °C, manga-
nese nitrate in the catalyst is completely calcined to manga-
nese oxide. When the calcination temperature is 450 °C, the

crystal structure is relatively complete and uniform dispersion.
When the calcination temperature is 550 °C, since the calci-
nation temperature is too high, the crystal structure of the
catalyst is burned, resulting in a decrease in catalyst activity.
Combined with Fig. 3b, it can be inferred that the catalyst
effect is optimal when the calcination temperature is 450 °C.

Figure 6h is an SEM image of the MnOX-CuOX/CR cata-
lyst. MnOx and CuOx are supported on the catalyst in a ratio
of 2: 1. Moreover, it can be inferred that the crystallinity of
MnOX is higher and the crystal structure of CuOX is less in
Fig. 6h. Combined with Fig. 5, the two crystal structures have
more MnO2 crystals and less CuO crystals. The interaction of
the two crystal structures increases the concentration of free
electrons and the conductivity. Therefore, the catalytic effect
is enhanced due to the increase in catalytic activity, and the
denitration effect is increased.

XPS analysis of MnOX-CuOX/CR catalyst

It can be seen from Fig. 7 that the binding energy of Mn2p3/2
is 639.110 eV and 642.820 eV, respectively. The binding en-
ergies of Mn2p1/2 are 651.116 eVand 654.724 eV, respective-
ly. The Mn at the position of 639.140 eV and 651.116 eV is
analyzed in the form of Mn3+. The surface of the Mn2O3

crystal can be analyzed by XRD. The Mn at the position of

Fig. 6 SEM of different conditions
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639.140 eVand 651.116 eV is Mn4+; combined with the XRD
analysis, it is mainly the action of the surface MnO2 crystal.

It can be seen that the binding energy of Cu2P3/2 is
936.302 eVand 939.045 eV, respectively. The Cu in the posi-
tion of 936.303 eV is analyzed in the form of Cu+. Combined
with XRD, it is mainly CuO2 crystal by analyzing. At the
position of 939.045 eV, Cu exists in the form of Cu2+, and
combined with XRD, it is CuO crystal by analyzing.

It can be seen from the O-peak diagram that the binding
energies of O1s are 526.823 eV, 530.609 eV, and 533.208 eV,
respectively. At 526.823 eVand 530.609 eV, it is O2− (lattice
oxygen); at 533.208 eV, oxygen O2

2− (or O−) strongly ad-
sorbs. As can be seen from Table 1, the lattice oxygen/
adsorbed oxygen in the catalyst is 1.77. This is because
MnO2 is a P-type metal oxide; its Mn is in the +4 valence

state, higher than the +2 valence state of Cu, and CuO is a
P-type semiconductor. Therefore, CuO crystal is added to the
crystal structure of MnO2, so that the concentration of free
electrons rises, the conductivity is increased, and thus the cat-
alytic effect is enhanced. In addition, the catalyst produces
structural defects due to the formation of the Cu2Mn3O8 crys-
tal structure; this kind of defect will increase the concentration
of free electrons, which is conducive to the generation of
adsorbed oxygen. The adsorbed oxygen has a strong mobility
and plays an important role in the performance and activity of
the catalyst.

Conclusion

The solid waste cordierite undergoes certain treatment or pro-
cessing, and its altered form plays an important role in the
SCO denitration process. Comprehensive utilization of solid
waste makes it a secondary resource available. In this paper,
the low value solid waste cordierite was used as a catalyst
carrier, and Mn-based oxide was used as the active compo-
nent, the optimum preparation conditions were selected by

Fig. 7 The XPS of MnOX-CuOX/CR catalyst

Table 1 XPS analysis table of MnOX-CuOX/CR catalyst O

Catalyst Lattice oxygen/adsorbed oxygen

MnOX-CuOX/CR 1.77
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changing the calcination time and the calcination temperature.
Based on the optimal preparation conditions, different metals
were used to explore the optimal bimetal load combination
and load ratio. The denitration of the MnOX-CuOX/CR cata-
lyst was analyzed. The result shows the following:

1. The calcination conditions will affect the denitration ef-
fect of the catalyst; the optimum calcination time is 3 h,
and the optimum calcination temperature is 450 °C.

2. The effects of different metals and Mn on bimetallic load-
ing are also different, and the effect of Cu is relatively
better than that of Fe, Ce, and Co.

3. The MnOX-CuOX/CR catalyst has a significant
denitration effect when the load ratio is 2:1.

4. When the loading ratio of MnOX/CuOX is 2:1, the distri-
bution of MnO2, CuO, and Cu2Mn3O8 is the most uni-
form, and the crystal shape of the metal oxide is mainly
MnO2 and CuO.
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