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ABSTRACT

Microwave radiation has received extensive attention due to its significant thermal and non-
thermal effects, and the development of MW-based denitrification in flue gas has become
one of the most promising methods to avoid the defects of ammonia escape, high temper-
ature and cost in traditional SCR. This review introduces the thermal and non-thermal ef-
fects of microwaves and divides MW-based denitrification methods into MW reduction and
oxidation denitrification, systematically summarizes these denitrification methods, includ-

Keywords: ing MW discharge reduction, MW-induced catalytic reduction using active carbon, molec-
Microwave ular sieves, metal oxides (transition metals, perovskites, etc.), MW-induced oxidation den-
Denitrification itrification with and without additional oxidant, and discusses their removal pathway and
Reduction mechanism. Finally, several research prospects and directions regarding the development
Oxidation of microwave-based denitrification methods are provided.
Radical © 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
N N,0, N,O3 and N;O4. Since NO accounts for nearly 95% of fos-
Introduction

sil fuel flue gas, the key to NOx control is to remove NO effec-
tively (Hao et al., 2020a; Hao et al., 2019a; Hao and Zhao, 2016).

Nitrogen oxides (NOx) are the main gaseous pollutants pro-
duced by the combustion of fuels from stationary and mobile
sources, causing a series of health and environmental prob-
lems; for example, eye and throat irritation, chest tightness,
acid rain, ozone depletion and photochemical smog (Hao et al.,
2019b; Yuan et al., 2020a; Yuan et al., 2020b; Zhao et al., 2017).
The existing forms of NOy are diverse, such as NO, NO,, NOs,
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At present, NO emissions are usually controlled by two ma-
ture technologies, namely, selective catalytic reduction (SCR)
and selective non-catalytic reduction (SNCR). However, their
disadvantages include high reaction temperature, ammonia
escape, catalyst poisoning and disposal issues, high invest-
ment and operating costs, etc. (Hao et al., 2020b; Hao et al,,
2018; Hao et al., 2017; Javed et al., 2007; Zhao et al., 2020). More
importantly, these technologies have poor versatility and are
not suitable for denitrification at low temperature, under large
flow fluctuations or complex working conditions (Liu et al.,
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2017; Zhao et al., 2014; Zhao et al., 2019). Therefore, developing
novel and efficient denitrification methods has always been
an important research hotspot in the field of flue gas purifica-
tion.

Owing to its merits such as prominent thermal effects,
ability to reduce activation energy and generation of selec-
tive hotspots (State et al., 2019; Wei et al., 2020b), microwave
(MW) radiation has been widely used in synthesis (Liu et al.,
2020b; Trombi et al., 2020), pyrolysis (Liu et al., 2020c; Milh
et al., 2018), extraction (Srogi, 2006), soil remediation (Lin et al.,
2010), sewage sludge treatment (Pang et al., 2018; Wei et al,,
2020a; Yin et al., 2016) and catalysis (Chen et al., 2019). Apart
from this, it has also been successfully utilized to remove
gaseous pollutants from flue gas (Cheng et al., 2020; Wei et al.,
2009a; Xia et al., 2020). For MW-based denitrification methods,
researchers have proposed various techniques, and catalytic
materials such as active carbon, molecular sieve and metal
oxides, etc. have been proven to be valid, with removal effi-
ciencies of 70%-90%. To the best of our knowledge, there is
no comprehensive review on the process and mechanism of
these MW-based denitrification methods.

In this article, the thermal and non-thermal effects of MW
are depicted in detail, the MW reduction and oxidation deni-
trification methods are summarized to outline the MW-based
denitrification methods, and their reaction pathways and re-
moval mechanism are also discussed systematically. Finally,
several prospects and suggestions for the development of
novel MW-based denitrification methods are proposed.

1. Overview of microwaves

As a kind of low-energy electromagnetic wave, the microwave
frequency range is 0.3-300 GH; the wavelength range is 0.001-1
m, located between infrared radiation and radio waves in the
electromagnetic spectrum, with the characteristics of wide
working frequency, easy control, selectivity and fast heating
(Chen et al., 2020; Hu et al., 2020; Wang et al., 2016; Wei et al.,
2020b). Since the discovery that MW can play significant roles
in polymerization and organic synthesis, the function of MW
in promoting chemical reactions has also been discovered and
widely used (Jie et al., 2020; Niichter M et al.,, 2003). Schol-
ars have always held two different views on the promotion
mechanism, namely thermal effects and non-thermal effects
(Bulhoes Bezerra Cavalcante et al., 2020; Herrero et al., 2008;
Horikoshi et al., 2014; Zhang et al., 2020).

1.1. Thermal effects

Most scientists believe that the increase in reaction rate un-
der irradiation by microwaves is due to thermodynamic fac-
tors, that is, the promotion is caused by microwave heat-
ing (thermal effect). Microwave heating is generally regarded
as a kind of "internal heating", since it is mainly gener-
ated by the rotation of molecules with dipole moments
(Obermayer et al., 2009; Xue et al., 2019; Zhang et al., 2019). In-
terestingly, when MW interacts with different substances, the
amount of heat generated varies. As shown in Fig. 1, three in-
teraction forms between substances and microwaves are rec-
ognized. For conductors represented by metals, microwaves
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Fig. 1 - Interactions between MW and different substances.

are reflected rather than transmitted. As for insulators in-
cluding Teflon, glass, ceramics and plastics, microwaves can
easily pass through. Only for lossy media such as water, ac-
tivated carbon, transition metal oxides, etc., will microwaves
be quickly absorbed and converted into thermal energy (heat)
(Robinson et al., 2010; Xue et al., 2019). The lossy media and
insulators are used together; the lossy media absorb MW first
and then the generated heat will be transferred to the insula-
tors by conduction and convection, realizing selective heating
of active sites and further inducing chemical reactions that
do not easily occur under conventional heating (Li et al., 2018;
Remya et al., 2011; Verma et al., 2018; Wang et al., 2016). This
is the basis for the microwave-induced catalytic process that
can guide the synthesis and design of catalysts, so it is exten-
sively favored by scientists in the field of chemical catalysis.

Taking the common microwave-absorbing transition metal
oxide catalytic materials as an example, based on the above
principles, they can be divided into three categories: oxides
with high microwave loss and rapid heating (MnO,, Ni, 03,
etc.), oxides with microwave loss that heat up after a period of
time (V,0s, Fe,03, etc.), and oxides with low microwave loss
that heat up slowly (Al,03, TiO,, etc.). When choosing a suit-
able microwave-induced catalyst, MnO, or Ni,O3 can be used
as the active components, and Al,03 or TiO, can be used as
the carriers to generate more hot spots on the catalyst sur-
face to accelerate or catalyze the chemical reactions. Certainly,
it should be pointed out that several researchers believe that
this thermal effect is just a heating method, which is not es-
sentially different from conventional heating, although it has
the advantages of selective, rapid and uniform heating, and
energy-saving (Obermayer et al., 2009). The kinetics will not
change, and the increase in reaction rate and product selec-
tivity is only due to the outstanding thermal effect of mi-
crowaves.

1.2.  Non-thermal effects

Other researchers believe that there may be other reasons to
explain the acceleration of chemical reactions by microwaves,
not just the increase in temperature, but also changes in mag-
netic, electrical and chemical factors, which are called “non-
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thermal effects” of MW. For chemical reactions under MW,
the reaction progress will be affected by the non-thermal ef-
fects; the reactant molecules may be promoted to higher en-
ergy levels, and the chemical bond would also be weakened
(Horikoshi et al., 2007; Hu et al., 2018; Hoz et al., 2007). Tak-
ing Fig. 2 as an example, MW energy is absorbed by reactant
molecules, which increases the internal energy of molecules
and aggravates the disordered motion of molecules, result-
ing in the increase of entropy. On the other hand, polar
molecules would be forced to move as the electromagnetic
field (microwave) changed, leading to a decrease in entropy
(Binner et al., 2008; Hoz et al., 2007). Which of these two ef-
fects is more powerful mainly depends on the working mode
and operating parameters of the electromagnetic waves. It can
be considered that the role of microwaves is very complicated,
and the non-thermal effects of MW will also vary with differ-
ences in conditions.

Some researchers believe that the non-thermal effects are
reflected in changes in kinetics, activation energy and the pre-
exponential factor (Hajek et al., 2004; Zhao et al., 2007), since
the state of polar molecules is high-speed oscillation and is
chaotic under the action of MW. There are also reports that mi-
crowaves can weaken chemical bonds, prompting the break-
ing and formation of bonds (Zhang et al., 2018). These effects
are of great significance in inducing catalytic reactions. All in
all, the non-thermal effects of MW are relatively diverse, and
the academic community has not yet reached a consensus.

2. MW-based denitrification methods

Since MW has the advantages previously mentioned, scholars
have long been trying to apply MW to NO removal. Based on
the current status of MW-based denitrification methods, two
categories are summarized: MW reduction denitrification and
MW oxidation denitrification.

2.1. MW reduction denitrification

In this article, MW reduction denitrification is divided into
MW discharge reduction and MW-induced catalytic reduction.
Also, the MW-induced catalytic reduction method can be clas-
sified according to the different catalysts used: activated car-

bon, molecular sieves and metal oxides (transition metal ox-
ides, perovskite-type oxides, etc.).

2.1.1. MW discharge reduction

MW energy can be converted into the internal energy of
molecules by a high-frequency oscillating electromagnetic
field, exciting and ionizing the reactants to generate electrons,
positive/negative ions, free radicals and other active species,
which can be widely used in pollutant control (Tang, 2001b;
Yang, 2018). Taking MW discharge reduction denitrification
as an example, the removal process is described as Fig. 3, in
which several types of active species including radicals con-
taining N and O are generated through the ionization, decom-
position and excitation of NO molecules, and then the objec-
tive of removing NO is achieved by the reaction between these
active particles and the residual NO (Tang, 2001b).

Tangetal., (2003) successfully applied MW discharge to flue
gas denitrification and proved that the key for the decompo-
sition of NO into N, was the active species produced by the
MW discharge of gaseous reactants, which could induce selec-
tive reactions at lower temperatures (close to the average gas
temperature). To promote the conversion of NO to Ny, further
studies adopted CHy, which broadened the reaction temper-
ature, reduced the MW energy consumption, and achieved a
maximum conversion rate of 88%. Interestingly, when 5 wt.%
H,0 steam was added, the conversion of NO to N, decreased
slightly, whereas the conversion from NO to NO, increased
markedly. Besides, Tang et al. (2000, 2001a) conducted a series
of NO removal experiments using MW discharge and CH4 with
the assistance of ZSM-5 zeolites, finding that NO was com-
pletely converted to N; at 325°C in the presence of CHy and
Ni/HZSM-5. Similarly, Liu et al., (2020a) used MW discharge
coupled with activated coke loaded with transition metal ox-
ides (Fe, Mn, Cu) to remove NO, and found that the removal ef-
ficiency was increased by nearly 64.8% after the addition of Fe,
and synergy between activated coke and MW was confirmed.
Of course, the power of MW also has an obvious influence on
the NO removal efficiency, because it can directly affect the
reaction temperature and the yield of active species.

Overall, MW discharge can produce a large number of ac-
tive species in the gas phase and significantly enhance the
conversion from NO to N, within a wide active temperature
range. Moreover, the metal oxides/catalysts and MW discharge
have a synergistic effect in the decomposition of NO. However,
since the non-thermal effects of MW are dominant in the gen-
eration of active species at lower gas/catalyst temperatures,
this may cause problems such as high energy consumption,
electrode corrosion and secondary environmental pollution.

2.1.2. MWe-induced catalytic reduction using active carbon

Researchers have used activated carbon to replace NHj in
the SCR system to avoid difficulties in NH3 storage and es-
cape (Li, 2013; Wang et al., 2019). But this will inevitably lead
to consumption of the activated carbon by oxygen from flue
gas, because this reduction reaction usually occurs above
500°C, and the activated carbon itself will start to burn above
300°C (Bueno-Lépez et al., 2006; Chuang et al., 2011; Illan-
Gomez et al., 1993). Finding a balance between the reduction
reaction and the consumption of activated carbon has become
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Fig. 3 - Mechanism of MW discharge reduction of NO

the key to developing carbon-based denitrification technolo-
gies. Considering the significant thermal effects and good se-
lectivity of MW, it is possible for activated carbon to react se-
lectively with polar NO instead of non-polar O,, which can
reduce the consumption of activated carbon and decrease
the reaction temperature at similar removal efficiency (Cha
and Kong, 1995; Kong, 1995; Ma et al., 2011; Ma et al., 2013;
Peng et al, 2017; Xu et al., 2014; Kong and Cha et al., 1996).
As shown in Table 1, (Cha and Kong 1995; Kong, 1995; Kong
and Cha et al., 1996) utilized several carbons (calcined char,
char bed, and saturated char) to adsorb NO and explored the
reduction of adsorbed NO by MW radiation. Although denitri-
fication efficiencies of more than 90% were achieved in most
situations, consumption of carbon was observed and NO, and
HNO; were detected on the surface, and their contents were
susceptible to the influence of moisture and oxygen in the
feed gas.

Other researchers attempted to dope metal materials into
activated carbon to form more functionalized active sites and
help absorb MW, thereby reducing the loss of activated car-
bon and increasing the adsorption of NO by activated carbon.
Ma et al. (2011, 2013) carried out desulfurization and denitrifi-
cation experiments using MW and active carbons loaded with
CuO, Mn,;03 and ZnO, finding that hot spots produced by the
thermal effects of MW played an important role in the re-
moval of SO, and NO, and that the different catalysts required
different MW power (reaction temperature) to achieve simi-
lar removal efficiencies; namely, the catalytic activity of acti-
vated carbon loaded with CuO was significantly higher than
that with Mn,03; and ZnO, which also directly proved the se-
lectivity of MW-induced catalysis. Taking the removal experi-
ment over CuO-loaded activated carbon under microwave ra-
diation as an example, the NO removal efficiency was still in-
creased by about 25% at 350°C in the presence of SO,, but the
desulfurization efficiency was inhibited. On the other hand,
Xu et al. (2014) prepared activated carbon loaded with Mn,03
and adopted a MW-induced catalytic method to perform NO
removal. The NO conversion efficiency reached 98.7% under
the conditions of excess oxygen, 5 wt.% Mn;,03 and 300°C, and
the removal mechanism is depicted in Fig. 4. It should also be

Activated carbon

Fig. 4 - Mechanism of MW-induced reduction of NO by
Mn;03/AC (Xu et al., 2014).

noted that the consumption of activated carbon will also im-
prove the surface characteristics of the activated carbon, cre-
ating porosity and increasing the specific surface area, which
is conducive to the adsorption and reduction of NOx.

In Zhou’s study, the active sites of Mn,05; under induc-
tion by MW effectively promoted the reaction between ac-
tivated carbon and NO to generate N, and CO,, and O, did
not react with activated carbon and NO due to the selectivity
of polar molecules toward MW, thereby decreasing the con-
sumption of activated carbon. Besides, the loading of Mn,03
affected the NO conversion efficiency directly. When the load-
ing of Mn,03 was 5 wt.%, the efficiency was highest, because
there were more active sites on the activated carbon surface.
However, excessive Mn,03 would block the surface pores of
activated carbon and inhibit contact between activated car-
bon and NO, decreasing the catalytic activity and suppressing
the reaction between activated carbon and NO. In subsequent
research, activated carbon loaded with various metal oxides
MeOx (Me = Ni, Mn, Fe, Ce etc.) was prepared (Peng et al,,
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2017), and the NO removal efficiency reached 100% at 300°C
and 350°C over 5%(21%NiOx)-CeO,/AC and 5%Ce0O,/AC cata-
lysts, respectively.

In general, the consumption of activated carbon is in-
evitable no matter what kind of metal material is doped into
it, because activated carbon participates in the reduction of
NO as a reactant. The difference is that the stronger the cat-
alytic activity in the MW-induced catalytic system, the lower
the reaction temperature, and less activated carbon will be
consumed by O, in the flue gas. In short, the superiority and
selectivity of the MW thermal effects makes the MW-induced
catalytic reduction method a promising method, although the
problems of a short life cycle and the high cost of activated
carbon have not been resolved.

2.1.3.  MWe-induced catalytic reduction using molecular sieves
Benefiting from advantages such as high adsorption, excel-
lent catalytic activity and thermal stability, molecular sieves,
especially ZSM-5 zeolite, have been widely used in MW-
induced catalytic reduction denitrification (Wei et al., 2006;
Zenkovets et al., 2020), and the related research is summarized
as Table 1.

Studies found that when urea and a molecular sieve (type
A) were used as the reducing agent and catalyst, respectively,
the optimal NO removal efficiency reached 92% under MW ra-
diation, higher than that of without microwaves or molecular
sieves, in which the thermal effects of MW had a greater pro-
motion effect. Wei et al. (2007) performed MW catalytic den-
itrification experiments using NH4HCO3 and Ga-A zeolite as
the reducing agent and catalyst, achieving an optimal NO re-
moval efficiency of 95.45%. Interestingly, suppression of the
removal efficiency by the microwave power was discovered:
the NOy removal efficiency dropped from 89.3% to 86.7% when
the power increased from 280 W to 331 W, and a similar SO, re-
moval efficiency curve was observed. In addition, it was found
that the SO, and NOx concentrations had no significant im-
pacts on the denitrification (or simultaneous desulfurization
and denitrification) efficiency, indicating that the stability of
MW catalytic reduction using NH4HCO3 and Ga-A zeolite was
good. In this reaction system, when the MW power was 211-
280 W, the authors adjusted the flow rate (from 0.54 to 0.2
m3/hr) and empty bed residence time (from 0.204 sec to 0.536
sec) to explore the influence of residence time on desulfuriza-
tion and denitrification. The results indicated that with the
rise in residence time, the SO, removal efficiency increased
from 88.9% to 99.1%, and the conversion efficiency of NOy in-
creased from 77.8% to 86.5%, meaning that a long reaction res-
idence time was beneficial to NOx and SO, removal, as long
as the flow rate did not exceed the maximum that the reac-
tion system could withstand (Wei et al., 2009a). Further studies
were carried out with Fe, Cu, and Co loaded on Ga-5A zeolite
to improve the catalytic activity, and the removal efficiency
of NOx and SO, reached 95.8% and 93.4%, when FeCu/zeolite,
MW and NH4HCO;3 were used together (Wei et al., 2011). Mean-
while, when Co was supported on FeCu/zeolite, the NOx re-
moval efficiency remained unchanged and the desulfuriza-
tion efficiency could be increased to 95.8% (Wei et al., 2010).
Compared with liquid ammonia commonly used in the tradi-
tional SCR process, urea and NH,HCO3 have no transportation
or leakage problems and can obtain higher removal efficiency.

However, they easy to decompose and produce the by-product
CO,.

The reducing agent CHy and ZSM-5 zeolite catalyst were
also employed in MW catalytic reduction denitrification, and
over 70% NO removal efficiency was achieved when Co-
NaZSM-5 and Co-HZSM-5 were adopted at 250-400°C (Chang
et al.,, 1999). Wang et al. (2000) synthesized a Fe,03/HZSM-5
catalyst and utilized it to remove NO in the presence of MW
and CHg. It was found that MW could promote the activation
of molecules and improve the water resistance of the catalyst.
To reduce the risk of CHy in the MW catalytic system, Tang et
al. (2002) investigated the removal of NO using MW and the
Fe/NaZSM-5 catalyst without additional CHy or other reducing
agents, and found that the removal efficiency with MW radi-
ation reached 70%, while conventional heat had no effect on
the removal of NO, indicating that the thermal effects of MW
and the presence of Fe both had marked promotion effects on
the reduction/decomposition of NO. Similar conclusions were
also confirmed in the research of Ohnishi et al. (2017), in which
NO was selectively decomposed into nitrogen and oxygen un-
der the thermal effects of MW.

However, the water resistance of Fe/NaZSM-5 catalysts is
poor, and the conversion from NO to N, was clearly affected
by added H,O0. But, in Ohnishi’s research, the NO removal effi-
ciency was relatively stable even in the co-presence of oxygen
and water when Cu- and Fe- exchanged ZSM-5 zeolites were
heated by MW (Ohnishi et al., 2017). In the removal process il-
lustrated in Fig. 5, the decomposition of NO was divided into
low-temperature selective adsorption by zeolite with microp-
orous structure and MW-induced decomposition of adsorbed
NO. Although the thermal stability and oxygen resistance of
Cu-ZSM-5 and Fe-ZSM-5 were verified, the NO removal effi-
ciency was low, and could not meet strict emission standards.

Fortunately, in Xu’s study (Xu et al., 2015a), more than
92% NO removal efficiency was obtained by doping MeOx
(Me = Mn, Ni, Cu) into ZSM-5, in which the concentration of
oxygen had almost no influence on the activity of catalytic
decomposition of NO, which was of great significance for the
development of MW-induced catalytic denitrification technol-
ogy. It should be noted that the development of MW-induced
catalytic denitrification methods without additional reduc-
tant will be the main research direction in the future, in view
of the cost of reducing agents and secondary environmental
problems.

2.1.4. MW-induced catalytic reduction using metal oxides

To develop MW-induced catalytic denitrification technologies
without additional reductant, metal oxides, including transi-
tion metal oxides and perovskites, were used as the catalysts
(Xuetal., 2016a; Xu et al.,2016a; Xu et al.,2017; Xu et al., 2015a).
Related research is summarized in Table 1, and the removal
mechanism is shown in Fig 6.

Xu et al. (2016a) utilized MeOyx/Al,03(Me = Cu, Mn,
Ce) catalysts and MW to carry out denitrification experi-
ments, and compared the removal efficiencies between MW-
thermal catalysis and conventional thermal catalysis. Re-
sults indicated that under the action of MW-thermal catal-
ysis, MeOx/Al,05 exhibited good catalytic activity and poor
stability: the NO removal efficiency reached 94.8% at 250°C
when CeCuMnOyx/Al,03 was employed. But under conven-
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<« Y
<\
, »— metal oxides

)
hot spots

NO,

MW

Fig. 6 - Removal mechanism of MW-induced catalytic
denitrification technologies without additional reductant.

tional thermal catalysis with MeOy/Al,03, NO basically did
not decompose unless the temperature exceeded 300°C. This
study also found that the catalyst loading had a dual effect on
NO removal: with the increase in the MeOy content in Al,Os3,
the removal efficiency was significantly improved, but the NO
removal efficiency decreased once the loading of MeOx ex-
ceeded 20%.

Perovskite-type oxides have also been employed in this
kind of MW-induced catalytic denitrification method (Xu et al.,
2016a; Xu et al, 2017; Xu et al, 2015a). Taking MW-
induced BaMnyMg;.xO3 catalytic denitrification as an exam-
ple, nearly 99.8% of NO could be directly decomposed un-
der the conditions of 250°C and 10% O, over BaMngoMgp 103
(Xu et al., 2015a). Further study revealed that when BaMnOs,
Bag gCag,MnOs3, Bag gKgoMnO3 and Bag gLag ,MnO3 were used
separately, the proportions were 93.7%, 92.3%, 99.9% and

95.5%, respectively (Xu et al.,, 2017). The author also studied
their catalytic activities and N, selectivity in the presence of
water vapor, confirming that Bag gKg,MnO3 exhibited excel-
lent water vapor resistance, which may be due to the strong
polarity and good MW absorption capacity of H,0, which can
be quickly vaporized or desorbed from the catalyst; the N, se-
lectivity was almost the same with and without the coexis-
tence of 5% water vapor. Xu et al. (2016a) also investigated the
catalytic activity of BaMeO3 (Me = Mn, Co, Ba) in a MW-induced
catalytic denitrification system, and the heating behavior of
BaMO3; with a MW power of 150 W was explored, finding that
the Me site under MW thermal effects is the main reason for
the higher removal efficiency. Additionally, BaFeO3; BaCoOs
and BaMnO3; were also prepared and explored. Under the con-
ditions of 250°C and 10% O,, the NO removal efficiencies of
BaCoO3 and BaMnO3; were 99.8% and 93.7%, respectively, while
the NO removal efficiency of BaFeO3; was only 64.1%, indicat-
ing that the catalytic activity of BaCoO3; was higher. Moreover,
BaCoO3 also showed superior resistance to water vapor, which
was closely related to its high reducibility, strong MW absorp-
tion and oxygen desorption capacity.

Researchers also found that the doping of carbonate in per-
ovskite could increase the number of oxygen vacancies and
promote the regeneration of oxygen vacancies, which was
conducive to improving the utilization ratio of MW and the re-
moval efficiency. For example, Xu et al., prepared the compos-
ite catalyst MgCo,04-BaCO3 by the co-precipitation method
and realized high-efficiency catalytic decomposition of NO
under MW radiation: the NO removal efficiency and N, selec-
tivity over MgCo,04-40%BaCO3 at 250°C were 99.6% and 97.8%,
respectively, while the NO removal efficiency of MgCo,04 was
only 69.7%. In contrast, under the conventional reaction mode
and identical conditions, the highest NO removal and N, se-
lectivity over MgCo,04-40%BaCO3 at 650°C were 29.5% and
15.1%, respectively (Xu et al., 2019). The reasons for the dif-
ferences in efficiency were revealed through in-depth analysis
of the catalyst: microwave radiation and the addition of car-
bonate could significantly reduce the apparent activation en-
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ergy. In addition, the study also found that the concentrations
of O, and water vapor had little effect on the NO conversion
and N selectivity in the presence of MW. Even when the con-
centrations of O, and H,0 were 10% and 5%, the NO removal
efficiency and N; selectivity could reach 99.6% and 97.8%, re-
spectively.

In summary, studies of MW-induced catalytic denitrifica-
tion technology without additional reductant have achieved
satisfactory results, and the removal efficiency can reach more
than 90%, especially for perovskite catalysts, which meets the
requirements of emission standards, making this a promising
reduction denitrification technology. However, there are still
several shortcomings, such as poor catalyst stability and low
resource utilization of NOx.

2.2. MW oxidation denitrification

At present, compared with MW reduction denitrification,
there is little research on MW oxidation denitrification. The
main technical route is to convert NOx into nitrite or nitrate,
which can be used as the main raw material of compound fer-
tilizers, and then realize the resource value of the denitrifi-
cation products. According to the presence or absence of ad-
ditional oxidant, MW oxidation denitrification can be divided
into denitrification with oxidant and without oxidant. The cur-
rent research status is summarized and compared in Table 2.

2.2.1. MW-induced oxidation denitrification with oxidant

Wei et al., (2009a) performed simultaneous desulfurization
and denitrification experiments using MW and zeolite loaded
with KMnOg, during which the zeolite absorbed MW and in-
duced oxidation reactions between KMnO, and NOx and SO,,
achieving 96.8% desulfurization efficiency and 98.4% denitri-
fication efficiency. Interestingly, the desulfurization efficiency
increased with increasing SO, concentration, while the re-
moval efficiency of NOx decreased. Although MW played an
important role, these high efficiencies were mainly due to the
strong oxidizing properties of KMnO,. In addition, (Qi et al,,
2020) adopted H, 0, solution assisted with MW and an additive
for simultaneous desulfurization and denitrification. Results
showed that the NO removal efficiency showed a volcano-
plot change trend with variation of temperature, pH, residence
time, liquid-gas ratio, and the gas volume fractions of O,, NO
as well as SO,. Additionally, when the amount of H,0, or ad-
ditives used was increased, the denitrification efficiency also
increased. Moreover, MW could significantly reduce the acti-
vation energies of H,O, decomposition and the oxidation of
NOyx with an additive and accelerate the conversion from NO
to NO,. In detail, in the absence of MW, 99% desulfurization
efficiency and 73.4% denitrification efficiency were obtained
under the optimal conditions. But when MW radiation was
used, the SO, removal efficiency stabilized above 99.5%, and
the NO removal efficiency increased to 87.74%. (Wang et al,
2020) proposed a novel MW-activated H,0,/ persulfate (PS)
double-oxidant system to remove nitric oxide from flue gas,
and several synergistic activation effects between MW, heat
and oxidants were found. The removal mechanism is pre-
sented in Fig. 7, in which a variety of free radicals such as -
OH, SO4~ " and HO, were generated under the dual catalysis
of MW and heat at low temperature. OH played a leading role,

and the maximum NO removal efficiency could reach 98.6%.
The paper also explored the influence of various reaction pa-
rameters: increased MW power, oxidant and O, concentration
could increase the removal efficiency of NO, and increases in
the NO or SO, concentration, solution pH and flue gas flow rate
weakened the removal of NO, whereas the reaction tempera-
ture and reagent flow rate showed dual effects on NO removal.
Researchers also developed a semi-dry MW-activated per-
sulfate (PS) system for removing NO and SO, simultaneously,
finding that with the increase in MW power, the concentra-
tions of PS and O, enhanced the removals of NO and SO,. But
when the concentration of NO or SO, increased, the removal
efficiency decreased (Liu et al., 2020c). This may be because
the increased pollutant concentrations can significantly en-
hance the competition between NO and SO, for the limited ox-
idants. The simultaneous removal efficiencies of NO and SO,
increased from 18.2% and 23.9% to 92.4% and 98.8%, respec-
tively, as the PS concentration increased from 0.1 mol/L to 1.2
mol/L. When the PS concentration was further increased, the
removal efficiency of NO and SO, were no longer improved.
Fig. 8 shows a schematic diagram of the removal mecha-
nism, in which the leading role of MW-induced catalysis is
presented, followed by thermal catalysis; "OH and SO4~ " pro-
duced by MW activation of PS were the major active species for
the oxidation of NO and SO, to NO,, SOs, sulfate and nitrate.

2.2.2. MWe-induced oxidation denitrification without oxidant
Limited by the continuous consumption of oxidant and the
corrosiveness or toxicity of strong oxidants, MW-induced ox-
idation denitrification with additional oxidant is not easy to
implement widely. Hence, several researchers have attempted
to combine MW with transition metal catalysts to replace the
added oxidant, such as Fe, Cu and Co loaded on zeolite by im-
pregnation to carry out flue gas purification (Wei et al., 2009c;
Wei et al., 2010; Wei et al., 2011). When Fe was loaded on zeo-
lite, the simultaneous desulfurization and denitrification effi-
ciencies were 79.3% and 69.5%, respectively (Wei et al., 2009c);
then the removal efficiencies increased to 91.7 and 79.6% as
Fe and Cu were loaded together (Wei et al., 2011); when Fe-
CoCu/zeolite was synthesized and exposed to MW, the SO,
removal efficiency increased to 99.5%, while the NO removal
efficiency slightly decreased to 86.1% (Wei et al., 2010). Subse-
quent studies revealed that the generation of active species
including 'OH and HO, radicals by MW-induced catalysis
of transition metals/zeolite (Fe/zeolite, FeCu/zeolite, and Fe-
CuCo/zeolite) was the main reason for the conversion of NOx
and SO, to nitrate and sulfate, and that the MW catalytic oxi-
dation of SO, and NOy follows Langmuir-Hinshelwood kinet-
ics. Moreover, Gao et al. (2011) utilized MW plasma discharge
to pretreat the CuO/TiO, catalyst, and found that this pretreat-
ment promoted the formation of more active oxygen (O*) on
the catalyst surface, thereby improving the activity and selec-
tivity of the catalyst, enabling low-temperature oxidation re-
moval of NO to occur more easily.

In addition to denitrification methods that combine MW
and a catalyst, Hao et al. (2020c) used MW and ultraviolet ra-
diation to synergistically catalyze H,0/0, to remove NO and
Hg® in flue gas, and the removal mechanism is shown in Fig. 9.
The results showed that ozone and *HO were the major ac-
tive species for the oxidative removal, and the presence of SO,
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Fig. 7 - Removal mechanism of NO using microwave-induced H,0,/PS removal system (Wang et al., 2020).
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Fig. 8 - Removal mechanism of NO and SO, using MW-induced PS system (Liu et al., 2020c).

could generate SO3~ " and SO4~ * under the synergistic catal-
ysis of MW and ultraviolet radiation, promoting the oxidative
removal of NO and Hg®. The authors also investigated the in-
fluence of flue gas flow, MW power, reaction temperature, and
the concentrations of NO, Hg® and SO,, and anion species on
the removal efficiency, finding that high temperature facili-

tated NO removal but impaired Hg® removal; the presence of
Cl~ and Br~ inhibited NO removal but promoted Hg® removal,
because Cl~ and Br~ quenched *HO to produce Cl~ and Br-
radicals. Finally, NO removal efficiency of 89.3%, Hg® removal
efficiency of 99.5%, and SO, removal efficiency of 97% were
obtained. Although MW and UV co-catalysis of H,0/0, can ef-
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Fig. 9 - Removal mechanism of NO and Hg® using microwave and ultraviolet co-catalysis system (Hao et al., 2020c).

fectively remove multiple gas pollutants simultaneously, the
disadvantage is that more UVEL lamps are required, resulting
in higher pollutant removal costs and excessive energy con-
sumption.

Generally speaking, the removal efficiency by MW-induced
oxidation denitrification methods using additional oxidant is
always higher than those without additional oxidant; the for-
mer has the disadvantages of large oxidant consumption and
high removal cost, while the latter faces bottlenecks such as
weak catalyst activity or high energy consumption. The key to
solving these problems is to develop novel MW-induced cat-
alytic oxidation technologies, improving the catalytic ability
and reducing the energy consumption.

3. Summary and perspectives

This article systematically reviewed the research status of
MW-based denitrification methods, and the following conclu-
sions can be drawn:

(I) The acceleration of chemical reactions cannot be ex-
plained by thermal effects alone; there are also non-
thermal effects including magnetic, electrical and chemi-
cal factors that may exist at the same time. For this reason,
MW-based denitrification methods have great advantages
over conventional catalytic denitrification, such as rapid
heating, fast reaction speed, good selectivity, low activa-
tion energy, high removal efficiency and energy utilization,
simple operation etc.

Compared with the catalytic reduction denitrification
methods using NHs, AC, urea, NH,HCO3;, CHy etc., MW-
induced catalytic denitrification methods without addi-
tional reductants have good application potential, and the
removal efficiency can reach more than 90%, especially
with perovskite catalysts, which can meet the require-
ments of emission standards.

(Ir

=

(I11) The main advantage of MW-induced oxidation denitrifica-
tion is its ability to oxidize NO to nitrite or nitrate, which
can be used as the main raw material of compound fertil-
izers and realize resource utilization of removal products.
However, the research on MW-induced oxidation denitrifi-
cation is still in the development stage, and there are few
related research studies.

On this basis, several prospects or suggestions are put for-
ward for the further development of novel MW-based denitri-
fication methods.

(I) Research on the MW-induced catalytic denitrification
mechanism is insufficient, and many studies are contro-
versial. It is necessary to further reveal the MW-induced
catalytic mechanism and explore the relationship between
thermal effects and non-thermal effects.

Itis recommended to synthesize and screen new materials
with good MW-absorbing performance and catalytic ability,
and further investigate the effects of flue gas components
(dust, 04, H,0, CO,, SOy, CO, etc.) and microwave parame-
ters on the denitrification efficiency to simulate actual flue
gas.

It is necessary to strengthen the research on MW-induced
catalytic oxidation denitrification methods, clarify the gen-
eration mechanism of oxidizing species and the removal
pathways of NOx, promote the effective conversion of in-
termediates to nitrate, and explore reasonable ways to uti-
lize nitrate resources.

(Ir

=

(I

=

At present, MW-based denitrification methods are lim-
ited to bench scale. The feasibility of industrial experiments
should be explored by designing and optimizing microwave
catalytic devices. Meanwhile, radiation protection should be
actively adopted to reduce the leakage of microwaves and
avoid the adverse effects of microwaves on living things.
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Fig. 10 - Conceptual diagram of MW-induced catalytic oxidation removal of multiple gas pollutants.

(I) On the basis of MW-induced catalytic oxidation denitrifi-
cation, it is feasible to develop MW-induced catalytic oxi-
dation methods without additional oxidant to synergisti-
cally remove multiple pollutants from flue gas. A possible
reaction procedure is depicted in Fig. 10, in which the flue
gas components such as H,0, O,, HC], et al. can be acti-
vated by MW-induced catalysis to produce abundant oxi-
dizing species (OH, HO,', Cl', ClO", HOCI —, etc.) that can
convert NO and HgP into soluble oxidation products (NO,,
NO,~,Hg?*, etc.), then these products and residual SO, can
be simultaneously absorbed and removed in an absorption
tower, realizing the integrated removal of multiple pollu-
tants.

(VI) As long as the rapid generation of highly oxidizing
species is achieved, MW-induced catalytic oxidation technol-
ogy can also be used for the degradation of other gaseous pol-
lutants, such as H,S and volatile organic compounds (ben-
zene, toluene, formaldehyde, halogenated hydrocarbons, etc.).
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