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Abstract
In order to control NOx in �ue gas, reduce the preparation cost of denitration catalyst. In this paper, solid
waste �y ash is used as a catalyst carrier, a shear reactor is used to prepare Mn-Ce/FA catalyst, and it is
successfully applied to SCR denitration. The catalyst was characterized and analyzed by SEM, XRD, FTIR,
XPS. The results show that the catalyst prepared by shearing has more dispersed active components.
The catalyst prepared at power of 80 W, time of 20 min, rotation speed of 120 r/min, and the active
component Mn-Ce molar ratio is 1:1. The denitration performance is the best, up to 82.6% within 30 min.
The introduction of SO 2 still showed high catalytic activity and stability, and the removal rate of NO was
reduced to 73.21%. After the introduction of SO 2 was stopped, the removal rate rebounded to 77.89%.

1. Introduction
With the rapid development of social economy and industry, NOX emissions have gradually increased,
which has brought serious harm to the natural environment and human life and production (Meng et al.
2018). According to statistics, the annual global NOX emissions are about 50 million tons or more, and
my country is a fossil fuel-based country (Qi et al. 2020), of which more than 95% of anthropogenic NOX

emissions come from the combustion process of fossil fuels (Rahman et al. 2019). Therefore, it is
essential for the removal of NOX.

SCR (Selective Catalytic Reduction) is the most widely used denitration method at home and abroad at
this stage (Vita et al. 2018). This method can make the removal e�ciency of nitrogen oxides reach more
than 90%. The basic principle of SCR technology is that the reducing agent (NH3·H2O) is used to contact
the NOX pollutants in the �ue gas under the catalysis of the catalyst (Zhang et al. 2020; Zhang et al.
2021). After the reaction, the NOX can be reduced to �nally generate harmless N2 to achieve the purpose
of removing NOX.

In order to avoid catalyst poisoning caused by high concentrations of dust and SO2, SCR equipment is
generally installed downstream of electrostatic precipitators and desulfurization devices, which makes
the �ue gas temperature usually lower than 270 ℃ (Najafpoo et al. 2018; Li et al. 2020). Therefore, the
development of SCR catalysts that are active at low temperatures (150-270 ℃) has signi�cance. The
structure, type, morphology, composition and related parameters of the catalyst can directly affect the
denitration performance, so choosing the appropriate catalyst is the core of the �ue gas denitration
process. The catalyst is mainly composed of carrier and active components (Jaegers et al.
2019; Jablonska et al. 2018; Italiano et al. 2016). The current industrial denitration catalyst is mainly
vanadium-titanium (V2O5 -WO3/TiO2), which has the disadvantages of higher cost and narrow reaction
temperature range (Felix et al. 2020). If it can be replaced by cheap materials and can be used for low-
temperature denitration, the cost of denitration will be greatly reduced.

Fly ash refers to the particulate matter captured from the �ue gas after coal combustion, and is the main
solid waste discharged from coal-�red power plants. As an important coal by-product, �y ash is mainly
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composed of Al2O3 and SiO2 (Qin et al. 2019; Kechagia et al. 2021; Czuma et al. 2020). Fly ash has a
wide range of sources and has certain physical properties. It is gradually being used in the �eld of �ue
gas denitration (Chen et al. 2017). Fly ash as a carrier and compounded with other substances as a
denitration carrier has been studied by a large number of scholars in recent years. When �y ash is used as
a carrier for denitration without modi�cation, the denitration e�ciency is relatively low, mainly due to the
lack of effective active components (Chen et al. 2014; Gan et al. 2021). Fly ash shows better denitration
activity after being loaded with metal active components. The performance of �y ash denitration catalyst
is mainly affected by conditions such as active components and catalyst preparation methods (Chen et
al. 2021). The active component is the main reaction site in the catalytic process of the catalyst, which
plays a key role in the electron transfer and the absorption and desorption of the reaction component
(Ren et al. 2020). Metals and metal oxides are currently commonly used active components for
denitration. In the denitration reaction, metal electrons match or transfer NO electrons to oxidize NO to
NO2, which will aggravate the denitration process of the catalyst (Yan et al. 2020; Wahiduzzaman et al.
2018; Vogel et al. 2020). Therefore, the characteristics of metal oxides can greatly aggravate the
denitration catalytic reaction.

The preparation method of the catalyst is very important for the subsequent catalytic effect of the
catalyst. The active component forms and distribution modes of the catalysts prepared by different
methods are different, which leads to the change of the catalytic effect (Veerapandian et al.
2019; Selvamani et al. 2017; Schroeder l et al. 2020). At present, denitration catalysts mainly load active
components on �y ash carriers through impregnation and precipitation methods (Zhou et al. 2021).
These two preparation methods can embed the active components on the carrier in different forms to
produce a catalytic effect. However, the common problems of these two methods are the uneven loading
of active components, the loading does not meet the calculation standard, the long impregnation and
roasting time, and the complicated process (Wang et al. 2021).

The classical model theory of shear force studies the nucleation process of catalysts from the
perspective of thermodynamic instability. Experiments show that the bubble core in the critical state
grows into a stable bubble through thermodynamic diffusion, and the shear effect of the �ow �eld also
promotes the transition from the critical bubble core to a stable bubble (Gholami et al. 2020). The key to
shear stress is the conversion of mechanical shear energy to free energy at the bubble interface. The
concept of shear energy was �rst proposed by S.T.Lee. In his study of continuous extrusion foaming
experiments containing nucleating agents, he pointed out that it is not that the shear rate alone has an
effect on the nucleation of bubbles, but Shearing stress plays a major role, and the product of shearing
area and shearing distance constitutes the work done by shearing. A large number of studies have found
that re�ning the dispersed agglomerates through external shear force is bene�cial to the signi�cant
improvement of the catalyst structure and performance (Dadi et al. 2021).

Therefore, the paper uses solid waste �y ash as the catalyst carrier, metal oxides as the active
component, and a high-shear reactor to systematically study the critical conditions for the clustering of
shear-aggregated �y ash-based catalysts, and propose an induced shear catalyst contribution
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mechanism of forming and shear power, shear rate, and shear time to catalyst synthesis, and applying
them to industrial boiler �ue gas denitration. It not only improves the atmospheric environment to a
certain extent, but also realizes the resource utilization of solid waste.

2. Experimental
2.1. Material synthesis

2.1.1 Fly ash molding

Mix �y ash and calcium bentonite at a ratio of 4:1, add 20 wt% deionized water to form agglomerates, put
them into the catalyst molding extrusion device, extrude them, and place them in a 105 ℃ electric blast
drying oven 1 h, get the columnar �y ash carrier.

2.1.2 Preparation of Mn-Ce/FA catalyst by shear loading

Weigh appropriate amount of manganese nitrate (0.04 mol), weigh appropriate amount of cerium nitrate
according to different Mn-Ce ratios, and con�gure it into a 50 mL manganese nitrate-cerium nitrate mixed
solution, weigh 8 g of �y ash carrier into the shearing reactor. Mn-Ce/FA catalysts with different ratios
were prepared under certain shear speed, shear power and shear time. Put the prepared Mn-Ce/FA
catalyst into a mu�e furnace at 500 °C for 4 h and then grind and siev to 40-60 mesh.

2.2 Catalyst evaluation device

The activity evaluation of the catalyst was carried out in a vertical denitration experimental device.
Simulated gas was introduced to observe the changes of its NO data. As shown in Fig. 1.

SCR operating conditions: reaction temperature 220 ℃, total gas �ow 200 mL/min, O2 concentration 6%,
NO: 500PPM, NH3: 500PPM, SO2: 500PPM, remaining gas is �lled with N2, and Testo340 (�ue gas
analyzer) is used in the experiment The NO concentration in the �ue gas at the outlet of the experiment is
detected, and the activity of the catalyst is evaluated by the NO conversion rate. The calculation formula
of the conversion rate is as follows:

2.3 Characterization

SEM: Using secondary electron signal imaging to capture the characteristics of the sample surface, that
is, scanning the sample with a particularly narrow electron beam, so that the two interact and produce an
effect. The secondary electrons can magnify the topography of the sample surface, which appears to be
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established in chronological order when scanning the sample (that is, obtained by point-by-point
imaging). The SEM model in this article is JSM-6460LV (produced by JEOL Ltd.).

XRD: Use X-ray diffraction to analyze the internal spatial distribution of substances. That is: when X-rays
of a certain wavelength are irradiated to a crystalline substance, the regularly arranged atoms (or ions)
scatter the X-rays, so that certain phases are strengthened, and a unique diffraction phenomenon occurs.
The samples in this article have been tested by XD-3 X-ray diffraction analyzer (produced by Beijing Puxi
General Instrument Co., Ltd.) to obtain XRD patterns. The test conditions of the sample are: Cu, Kα rays,
tube voltage 36 kV, tube current 25 mA, 2θ is 10°-80°, scanning rate 4 (°)/min.

FTIR: The compound can be accurately identi�ed and the molecular structure of the substance can be
determined. He can not only quantitatively analyze single components and individual components in the
mixture, but also quantitatively analyze samples that are di�cult to separate or have no obvious
characteristic peaks. The Fourier infrared spectrometer used in this article was produced by Bruker and
the model is VERTEX 70.

XPS: XPS is an important tool for analyzing the surface structure and composition of elements. The
principle is: After the sample is irradiated by X-rays, the inner electrons (or valence electrons) in atoms (or
molecules) are excited. Photons can excite photoelectrons (measurable energy), and the composition of
the object to be measured can be obtained through the photoelectron spectrogram (that is, the abscissa
is the kinetic energy of the photon, and the ordinate is the relative intensity (pulse/s)). The model of the X-
ray photoelectron spectrometer used in this article is: ESCALAB250 (produced by Thermo Fisher
Scienti�c, USA). The energy resolution of the instrument is 0.45 eV (Ag), the sensitivity is 180 KCPS, and
the image resolution is 3 μm. The analysis results are all corrected with C1s.

3. Results And Discussion
3.1 Study on Mn-Ce/FA catalyst for denitration and sulfur resistance

When preparing the metal-supported catalyst in this paper, based on the previous research results of the
research group, the loading amount of Mn is selected as 5%, and the high-shear reactor is used for
structural control, and different shearing speed, shearing power, shearing time and different Mn-Ce molar
ratio is an in�uence on the performance of �ue gas denitration, and the results are shown in Fig. 2.

Fig. 2(a) is a study of the effect of different shearing time on the performance of the catalyst. It can be
seen that the shearing time is 20 min, the denitration e�ciency is the best, and the denitration effect is as
high as 82.6% within 30 min. When the shearing time is short, the reaction between �y ash and active
components is insu�cient, making it impossible to completely decompose. Moreover, the short-term
shear does not have enough etching effect on the catalyst surface, and the pores blocked by the nitrate
solution cannot be completely opened. With the extension of the shearing time, the surface etching effect
becomes more and more su�cient, the nitrate can be fully decomposed, and a uniformly distributed pore
structure is formed. But when the shearing time is too long, the smaller pore structure that has been
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synthesized uniformly is continuously sheared and disappeared, and the small pore structure is directly
sheared to form large pores and reduce the active sites. Therefore, when the shear time is 20 min, the
denitration performance is the best.

Fig. 2(b) is a study of the effect of different shearing speeds on the performance of the catalyst. It can be
seen that the effect is best when the shearing speed is 150 r/min, and the denitration effect is as high as
82.6% within 30 min. The reason is that when the shearing speed is low, the �y ash in the reactor cannot
be lifted up completely, the work generated is small, and a good shearing effect cannot be obtained.
When the shearing speed is increased to a certain level, the particles are under the action of mechanical
force, most of the �y ash and nitrate solution are lifted from the bottom to a certain height, the relative
shearing speed is relatively large, the dispersion kinetic energy of the particles further increases, and the
active component on the surface of �y ash is more even. When the shearing speed is too high, the particle
dispersion kinetic energy rises to a large amount, and the particles become very �ne, which increases the
number of surface atoms of the particles, and the surface atom coordination number is insu�cient, the
surface energy increases, the molecules are abnormally active, and the particles appear agglomeration.
Therefore, when the shearing speed is 150 r/min, the denitration performance is the best.

Fig. 2(c) is a study of the effect of different shearing power on the performance of the catalyst. It can be
seen that the effect is best when the shearing power is 80 W, and the denitration effect is as high as
82.6% within 30 min. The reason is that when the power is small, the cavitation effect of shear is small,
the mechanical collision force between the nitrate solution and the �y ash is not enough, the reaction is
not su�cient, and the active components are unevenly loaded and dispersed on the �y ash. However,
when the power is too large, it will have a certain inhibitory effect on the combination of nitrate solution
and �y ash, and then affect the denitration performance of blast furnace slag. Therefore, when the
shearing power is 80 w, the denitration performance is optimal.

Fig. 2(d) is a study of the effect of different Mn-Ce molar ratios on the performance of the catalyst. It can
be seen that the denitration effect of the bimetal supported catalyst is signi�cantly increased. When
cerium element and manganese element act together, metallic cerium is easy to generate Ce3+/Ce4+ redox
couple, and unstable oxygen vacancy and oxygen migration. It shows excellent oxygen storage-release
capacity and unique redox performance. Obviously make up for the shortage of the narrow reaction
window of manganese metal. When the ratio of Mn-Ce is 1:1, the denitration effect is as high as 82.6%
within 30 min. When the Mn-Ce ratio is low, the active components are not enough to be uniformly
distributed on the surface of the catalyst, and fewer active sites are formed. With the increase of the
loading molar ratio, the optimal loading ratio of manganese and cerium gradually reaches saturation, so
that they can exert their respective functions to a greater extent and have a synergistic effect to increase
the denitration effect of the catalyst. However, when the loading ratio is too high, the metal cerium oxide
completely covers the metal manganese. During the shearing process, the manganese nitrate is not fully
decomposed, and the active sites of the formed manganese oxide are insu�cient, resulting in the
denitration reaction in the process, the complementary effects of manganese and cerium are inhibited,
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the catalytic reaction is insu�cient, and the denitration effect is not ideal. Therefore, when the Mn-Ce
molar ratio is 1:1, the catalyst has excellent catalytic activity and the best denitration performance.

Fig. 2(e) shows the stability evaluation experiment of the Mn-Ce/FA catalyst under the condition of SO2. It
can be seen from the �gure that in the SCR process without SO2, the Mn-Ce/FA catalyst can maintain
high e�ciency in the removal rate of NO. When 500ppm SO2 is introduced, the activity of the catalyst is
affected, and the removal rate of NO was reduced to 73.21%. After the SO2 was stopped, the removal rate
rebounded to 77.89%. The reason is that SO2 and the reactant (NH3 or NO) may have a competitive
adsorption relationship. These results indicate that the Mn-Ce/FA catalyst exhibits a higher NO removal
rate and good stability under the condition of SO2.

3.2 Characterization

3.2.1 SEM

Fig. 3 is the SEM of the Mn-Ce/FA catalyst after denitration and sulfur resistance, 3(a) is Mn-Ce/FA
(fresh), 3(b) is after denitration, and 3(c) is after sulfur resistance. It can be seen that the gaps between
the catalyst particles after denitration are reduced, and there is a phenomenon of particle agglomeration
on the surface of the catalyst. The reason is that the ammonium sulfate produced during the SCR
reaction gathers on the surface of the catalyst, reducing the gaps between the particles. The pore
structure of the catalyst reduces the denitration performance of the catalyst and deactivates it. After a
certain amount of SO2 is introduced into the system, the reduction of the pore structure of the catalyst
surface is more obvious. The main reason is that SO2 reacts with the catalyst, resulting in a reduction of
active sites on the catalyst surface.

3.2.2 XRD

Fig. 4 is the XRD pattern of FA, Mn/FA, Mn-Ce/FA after denitration and sulfur resistance. It can be seen
that when only Mn is loaded, the catalyst does not show the diffraction peak of manganese, indicating
that the manganese oxide is evenly distributed on the surface of the catalyst, and the manganese mainly
exists in the form of amorphous. The active components in the catalyst are mainly Mn3O4 and
Mn2O3 crystal phases. When Ce is introduced, the crystal form of the catalyst changes signi�cantly, and
the characteristic peaks of Mn3O4 and Mn2O3 are weakened, indicating that the addition of CeOX can
reduce the content of bottom valence Mn in MnOx. Compared with loaded Mn, there are more CeO2 peaks
at 27°. This is a solid solution with a �uorite structure formed by CeO2 and Mn2O3, which is also called a
mantou peak (Appaturi et al. 2021). The rest of the diffraction peaks are obviously broadened, which
indicates that the addition of Ce will reduce the degree of crystallization of the catalyst and promote the
conversion of the active components in the catalyst from the crystalline phase to the amorphous phase,
which is very bene�cial to the catalytic reaction. The analysis of the Mn-Ce/FA catalyst before and after
denitration and sulfur resistance showed that the solid solution of Mn-Ce structure disappeared, which
indicated that the Mn-Ce solid solution was the active substance of the catalyst mainly involved in the
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reaction. After the sulfur resistance, a new peak occurred. It is the characteristic peak of CeO2. At the
same time, no characteristic peak of sulfate is found. The reason may be that it is highly dispersed on the
surface of the catalyst and does not reach the detection limit of XRD.

3.2.3 FT-IR

Fig. 5 shows the FTIR of the Mn-Ce/Fa catalyst after denitration and sulfur resistance. It can be seen that
the 3400 cm-1 stretch vibration peak attributable to the free -OH- on the surface of the �y ash, or the water
physically adsorbed on the sample surface, However, the preparation process of the catalyst has passed
the drying process, and the possibility of vibration sealing of water molecules is relatively small. Near
2925-2848 cm-1 is the symmetrical and antisymmetric stretching vibration bands of CH2 and CH3. 2335

cm-1 appeared C≡C and C≡N stretching vibration peaks. 1589 cm-1 is attributed to the adsorption peak
of carbon-based functional groups. 1465 cm-1 is the stretching vibration peak of H-C-H. 1387 cm-1 is the
symmetrical shear vibration δC-H(s) of -CH3, and its intensity is very weak, indicating that the number of -

CH3 is very small. 1345 cm-1 is C-H bending vibration. 1100 cm-1 is the antisymmetric stretching vibration

peak of Si-O-Si, the raw material of �y ash. 1036 cm-1 is the C-O stretching vibration. 400-900 cm-1 is the
characteristic peak of metal oxide decoration and manganese. 560 cm-1 is the symmetrical stretching
vibration peak of O-Si-O in the silicon-oxygen tetrahedron, and it is also the 6-coordinated Al-O vibration.
These stretching vibration peaks are all related to the important component of mullite in �y ash.

3.2.4 XPS

In order to study the element morphology of the catalyst surface, XPS characterization was performed on
the Mn-Ce/FA catalyst, as shown in Fig. 6. The electron binding energy spectra of the corresponding
Ce3d, Mn2p, O1s orbitals are shown in Fig. 6(a).

Fig. 6(b) is the XPS spectrum of the O1s orbital of the catalyst, which mainly includes two peaks,
corresponding to the surface lattice oxygen and chemisorption oxygen respectively. Among them, lattice
oxygen (Oβ) appears at 529.3-530.0 eV, and chemically adsorbed oxygen (Oα) appears at 531.2-531.9 eV.
Using XPSpeak41 to perform peak �tting integration on the O spectra, the relative concentrations of Oα

and Oβ, namely Oα/Oβ, were 9.64, 6.71, 3.37, respectively. When the catalyst participates in the reaction,
the chemical adsorbed oxygen is relatively active and plays a major role in the oxidation reaction, which
can promote the reaction of NO and O2 to produce NO2, and then the SCR reaction will occur. After
denitration and sulfur resistance, the relative concentration of Oα decreased from 9.64 to 3.37, indicating
that Oα participated in the reaction and was consumed in the process.

Fig. 6(c) shows the XPS spectrum of the Mn2p orbital of the catalyst. The Mn2p orbital contains two
main peaks. The Mn2p3/2 orbital appears at 642 eV and the Mn2p1/2 orbital appears at 654eV.

Corresponding to the mixed valence state where Mn3+ and Mn4+ coexist, Mn4+ accounts for a larger
proportion. The peak splitting results of Mn2p3/2 using XPS peak software are shown in the �gure.
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Among them, the vicinity of 641.1, 642.3, and 644.1 eV are Mn2+, Mn3+ and Mn4+ respectively. The greater
the ratio of Mn4+/Mn3+, the stronger the activity of the catalyst, so it can be seen that the fresh catalyst
prepared has the strongest denitration activity. The ratio of Mn4+/Mn3+ of the catalyst after sulfur
resistance is larger than that after denitration. The reason is that SO2 forms competitive adsorption with
reactants through intermolecular forces on the catalyst surface, and the content of reducing agent in the
reaction system is consumed, which slows the conversion of NOx to N2 in the process of redox electron
transfer. Therefore, the content of high-valence compounds contained in the metal oxide will be higher.

Fig. 6(d) shows the XPS spectrum of the Ce3d orbital of the catalyst. The XPS spectrum of Ce3d orbital is
more complicated. Among them, the peaks of u1-u6 correspond to Ce4+, and the two peaks of v1, v2 are

assigned to Ce3+ ions. Studies have shown that the presence of Ce3+ will cause more chemisorption
oxygen to accumulate on the surface of the catalyst, while the presence of Ce4+ on the catalyst surface
will form more lattice oxygen. When Ce3+ and Ce4+ are present on the catalyst, the two valence states will
mutually transform to form oxygen vacancies. It is bene�cial to the improvement of the catalytic activity
of the catalyst. Ce is mainly based on Ce4+. After denitration and after sulfur resistance, Ce3+ gradually
decreases, and Ce4+ gradually increases. The mutual transformation of the two promotes denitration. At
the same time, the oxidability of Ce4+ can change the valence of Mn and improve the activity of the
catalyst. The addition of the co-activator Ce can improve the oxidation-reduction ability of the catalyst,
and interact with the multivalent Mn to generate electron transfer. The Ce4+/Ce3+ ratio increased after
sulfur resistance, because the introduction of SO2 would increase the acidic sites on the catalyst surface
and increase the catalyst activity.

4 Conclusion
This paper uses industrial solid waste �y ash as the catalyst carrier. The bimetallic Mn-Ce/FA catalyst
was prepared under different shear modi�cation conditions, and its denitration performance and sulfur
resistance were studied. FT-IR, XRD, XPS and SEM characterization methods were used to analyze the
catalyst to determine the morphology, structure and properties of the catalyst. The results show:

(1) For the catalyst prepared under shearing action, the active components are more uniformly dispersed
on the catalyst surface, and the catalytic activity is excellent.

(2) The catalyst prepared under a shear time of 20 min, a power of 80 W and a speed of 120 r/min has
excellent structure and good performance. Under the optimal shear conditions, when the Mn-Ce molar
ratio is 1:1, the catalyst has strong stability, strong denitration performance, and certain sulfur resistance.

(3) Mn-Ce/FA catalyst is applied to �ue gas denitration, which not only realizes the recycling of solid
waste, but also has certain signi�cance for atmospheric environmental protection.
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Figure 2

Mn-Ce/FA catalyst for denitration and sulfur resistance

Figure 3

SEM of Mn-Ce/FA
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Figure 4

XRD of Mn-Ce/FA

Figure 5

FTIR of Mn-Ce/FA
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Figure 6

XPS of Mn-Ce/FA
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