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Abstract

:

Removal of nitrogen oxides during coal combustion is a subject of great concerns. The present study reviews the state-of-art catalysts for NO reduction by CO, CH4, and H2. In terms of NO reduction by CO and CH4, it focuses on the preparation methodologies and catalytic properties of noble metal catalysts and non-noble metal catalysts. In the technology of NO removal by H2, the NO removal performance of the noble metal catalyst is mainly discussed from the traditional carrier and the new carrier, such as Al2O3, ZSM-5, OMS-2, MOFs, perovskite oxide, etc. By adopting new preparation methodologies and introducing the secondary metal component, the catalysts supported by a traditional carrier could achieve a much higher activity. New carrier for catalyst design seems a promising aspect for improving the catalyst performance, i.e., catalytic activity and stability, in future. Moreover, mechanisms of catalytic NO reduction by these three agents are discussed in-depth. Through the critical review, it is found that the adsorption of NOx and the decomposition of NO are key steps in NO removal by CO, and the activation of the C-H bond in CH4 and H-H bonds in H2 serves as a rate determining step of the reaction of NO removal by CH4 and H2, respectively.
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1. Introduction


Coal is an important basic energy and a raw material for chemicals in China. Nitrogen oxide (NOx), a pollutant of coal combustion, causes a tremendously negative impact on ecosystems and human health. Although researchers have recently made great progress in NOx reduction, there are still numerous challenges to remove NOx completely and efficiently from the combustion flue gas.



The catalytic removal of NOx under lean-burn conditions is one of the most important targets in catalysis research [1]. The most widely used NO removal technology in current coal-fired power plants is the Selective Catalytic Reduction (SCR) technology due to its stable, high efficiency and superior performance. This technology commonly uses ammonia (NH3), carbon monoxide (CO), methane (CH4), and hydrogen (H2) as reducing agents. Within those reductants, SCR of NOx with NH3 (NH3-SCR) is a widely commercialized technology for NOx removal from stationary sources. Urea is often chosen as an alternative reducing agent, because it can be hydrolyzed to generate NH3. However, hydrolysis of urea is prone to form explosive ammonia salts, which further can likely block the channels and deactivate catalyst. Figure 1 illustrates a schematic process of NH3-SCR technology. At a relative low temperature, NH3 will react with sulfur dioxide (SO2) in the flue gas to form ammonium sulfite ((NH4)2SO4), ammonium bisulfate (NH4HSO4), etc., which are thick and sticky components and easily clog the piping. For this reason, the heavy metal catalyst vanadium oxide (V2O5) is traditionally employed in NH3-SCR technology to convert SO2 to SO3, but the spent catalyst is hard to handle. In addition, the commercial catalyst requires higher than 350 °C temperature to keep its catalytic activity. NH3-SCR technology with different catalysts has been reviewed by others [1,2,3].



Since forementioned concerns in NH3-SCR technology, researchers start to explore other reducing agents, such as CO, CH4, and H2. Initially, most researchers chose noble metals as active components due to their superior catalytic performance. However, recently, transition metal catalysts have attracted great interest and shown exciting results. Meanwhile, compared to the noble metal catalyst, cost-effective transition metal catalysts seem more promising [4,5,6].



The main reactions of NO reduction by CO (CO-SCR), CH4 (CH4-SCR), and H2 (H2-SCR) over different catalysts are


  2 NO + 2 CO →  N 2  + 2   CO  2   



(1)






  2 NO +   CH  4  + 2  O 2  →  N 2  +   CO  2  + 2  H 2  O  



(2)






  2 NO + 4  H 2  +  O 2  →  N 2  + 4  H 2  O  



(3)







Except catalyst, these reactions are affected by the concentration of NO and O2 in the feed gas stream [7,8,9], the temperature of reaction [10,11], water content [12,13], and sulfur, [14,15] etc. In these three technologies, the key step is the decomposition of adsorbed NO to produce adsorbed N2O. The N2O+CO reaction in CO-SCR is faster than the isolated N2O+CO reaction over Rh/Al2O3 by an order of magnitude [16]. In CH4-SCR, the activation of the C-H bond in CH4 serves as a rate determining step of the reaction of NO removal by CH4 [17]. In H2-SCR, H2 dissociation to atomic H is more difficult due to high-energy barrier and endothermicity [18]. Hong et al. [10] found that NO can hardly be oxidized to NO2 at low temperatures. First, the gas phase NO is adsorbed by the surface of Pt; then, the adsorbed NO reacts with the adsorbed O to form a nitrate species. The adsorbed H migrates from the Pt surface to the Pt carrier interface through the H overflow, and then reacts with NOδ+ and NO3− to form N2. In the high temperature range, NO is partially oxidized to NO2. NO2 acts as an active intermediate in the NOx reduction reaction. In the presence of NO2, N adsorbed at the Pt position reacts with active H to form NH4+ species, which then react with NO and O2 to form N2.



Oxygen in the flue gas plays an important role in NOx removal by CO-SCR, CH4-SCR, and H2-SCR. Oxygen preferentially oxidizes CO to CO2 and inhibits CO-NO rection to reduce NO removal efficiency in the CO-SCR process [19,20]. However, in the CH4-SCR process, the inhibition of oxygen is different from that of CO-NO reaction; oxygen plays a dual role of positive (promoting adsorption) and negative (suppressing reduction) in the NO reaction process [7,8]. The negative effect of oxygen on NO removal efficiency stems from the competitive reaction of oxygen and NO with respect to CH4, and the oxygen in the flue gas is an essential factor for the oxidation of NO to the catalyst surface. Therefore, a suitable catalyst should be selected to react methane with NO to increase the conversion rate of NO. In the H2-SCR process [9], oxygen preferentially reacts with H2 to form water due to its lower energy barrier (ΔH0 = −242 kJ/molH2) compared to the reaction of two NO molecules with four hydrogen molecules to form N2 and water (ΔH0 = −574 kJ/molH2), as shown in Equation (3). It results in poor activity and selectivity toward N2.



In the paper, the latest research progress of NO removal with CO (CO-SCR), CH4 (CH4-SCR), and H2 (H2-SCR) are comprehensively reviewed. The precious and non-precious catalysts for NOx removal with CO and CH4 reductants are reviewed. In terms of H2-SCR, we focus on catalyst carrier. Moreover, their reaction mechanisms under different reducing agents are critically discussed. Finally, based on the discussions of effect factors and reaction mechanism, a preliminary outlook for SCR of NO has been proposed.




2. Catalysts for NO Removal by CO


Among these three approaches, NO reduction by CO has attracted great interest, because it removes two harmful gases, namely NO and CO, simultaneously [4,21]. CO is one of product in the flue gas and can be directly produced by pulverized coal gasification or pyrolysis. More important, it is not easy to form carbon in the process of NO removal by CO and decrease the catalyst deactivation due to carbon deposition. As a reducing agent, CO is not involved in any clogging problems like ammonia is. These advantages have made CO become the current flue gas NOx removal research hotspot.



In the technology of NO removal by CO, catalysts can be divided into two types: precious and non-precious metal catalysts. The former shows higher NO removal efficiency when the temperature is low, but the temperature window is narrow and the price is high. The preparation cost of the latter is significantly lower than that of the former, but the NO removal efficiency is relatively lower. At present, many researchers are committed to finding high performance and cost-effective non-precious NO removal catalysts. Table 1 lists some of catalysts for CO catalytic reduction of NOx under different conditions.



2.1. Precious Metal Catalyst


Most studies conducted by the early researchers utilized precious metal as active site in the catalysts for NO removal by CO, and the experiments proved that precious metal catalyst has superior performance in NO removal. If only precious metals are used, this is no surprise for high or even extremely high experimental cost, which hinders the normal experiment operation. Later, scientists switched to dope a precious metal as an active component on a carrier, which is proven as an effective means with significantly lower metal consumption and excellent catalytic activity. Noble metals such as platinum (Pt), palladium (Pd), rhodium (Rh), and ruthenium (Ru) are reported to have superior catalytic effect on the reaction of NO removal by CO, and their catalytic effect follows a general order of Ru > Rh > Pt > Pd.



Presence of noble metal in the catalyst can improve the NO reduction efficiency in the CO-SCR technology. Cobalt oxide catalysts are used in NO reduction by CO because of their good catalytic activity [22]. Salker et al. [23] used citric acid assisted sol–gel method to prepare Pd, Rh, and Ru doped cobalt oxide spinel and obtain nano-catalyst. They found that the presence of precious metals increases the activity and stability of the catalyst, and the doped noble metal contributes to the adsorption of NO and promoted the reduction of NO to N2. The order of activity is Rh0.05Co2.95O4 > Pd0.05Co2.95O4 > Ru0.05Co2.95O4 > Co3O4.



Compared with the unsupported catalyst, the catalyst obtained by dispersing the metal (Mn, Ru, Pd, Pt) on the metal oxide (CeO2, TiO2, ZnO) has excess adsorption vacancies and higher oxidation activity [24]. Chao et al. [25] used sol–gel methods to prepare La1.6Ba0.4NiO4 and Ru/La1.6Ba0.4NiO4 catalysts. The experiments were carried out under the conditions of 5000 ppm NO and 5000 ppm CO. The test results showed that the efficiency of the latter is significantly higher than that of the former. The characterization results indicated that the interaction between Ru and the perovskite support leads to an increase in the reduction of the catalyst, which in turn increases the conversion of NO. Oton et al. [26] prepared solid catalysts by dispersing Pt, Co, Fe, and Ni nanoparticles on alumina. They found that the Pt/Al2O3 catalyst has a better performance than those of Ni, Fe, and Co supported counterparts. However, NiPt/Al2O3 catalyst can promote CO-SCR reaction performance at relatively low temperatures due to the interaction and synergy between Pt (Ni) nanoparticles and its carrier. The reason is that the electron transfer between the PtOx(Ni) and chlorined Pt species on the support provides a more active solid in the CO-SCR reaction.



The composite support can increase the activity of the catalyst. Wu et al. [27] synthesized TiO2/γ-Al2O3 supported In/Ag catalyst by impregnation method. Results of microscopic structure and surface properties tests of the catalyst showed that the catalyst has high dispersion, large amounts of surface active components, and high NO adsorption capacity. The introduction of TiO2 into the γ-Al2O3 support leads to an increase in NO adsorption and more uniform dispersion of In species and Ag species. Ag species not only stabilizes, but also enhances In species dispersion in the catalyst. Therefore, TiO2/γ-Al2O3 supported In/Ag catalyst appeals to a good performance and stability for the NO reduction by CO. Cerium dioxide (CeO2) is a very important rare earth oxide material with excellent oxygen storage and release. Ilieva et al. [28] synthesized Fe-modified CeO2 carrier by two different methods of mechanochemical mixing (MM) and impregnation (IM) methods, and doped 3 wt.% nanosized gold (Au) thereon by deposition precipitation method. The performance test results showed that the presence of nanosized Au particles is not of crucial importance, but Fe-modification of CeO2 promotes NO reduction performance. However, the efficacy of Fe-modification decreases the selectivity by increasing the selectivity to nitrous oxide (N2O). Moreover, an addition of a new support to a single support can increase the activity of the supported catalyst. Huang et al. [29] compared Pt catalysts supported on TiO2 and CeO2-TiO2 for the NO reduction by CO with ultraviolet light irradiation. The doped CeO2 can strengthen the electron transfer from TiO2 to Pt through a process of Ce4+→Ce3+ under UV irradiation, resulting in the adsorption and activation of CO and NO species at Pt/CeO2–TiO2. Compared to Pt/TiO2, Pt/CeO2-TiO2 has higher thermal catalytic activity and stability for NO removal by CO. They also stated that the photo-excitation of supports can enhance the strong interaction between nanosized Pt particles and support, and improve the thermo-catalytic reactivity of catalysts. Ferrer V et al. [30] doped Pd on Ce0.73Tb0.27Ox/SiO2, Ce0.6Zr0.4Ox/SiO2, Ce0.73Tb0.27Ox/La2O3-Al2O3, and Ce0.6Zr0.4Ox/La2O3-Al2O3 for the reduction of NO by CO. Temperature-programmed reduction results indicated that Tb or Zr incorporation improves the reducibility and oxygen storage capacity. CO chemisorption data suggested the presence of large PdO particles due to the low CO/Pd ratio. No significant differences were obtained in light off temperatures for all Pd catalysts, and the most active catalyst was 1.5%Pd/Ce0.6Zr0.4Ox/SiO2.



Some novel catalyst preparation methods have been applied to boost the activity of existing catalysts. Wang et al. [31] introduced an evaporation induced self-assembly (EISA) method to produce a catalyst under a triblock copolymer as a soft template. First, 3 wt.% Au was deposited on the mesoporous Al–Ti mixed oxide to obtain the parent Au/AlTiOx catalyst, and then CeOx was impregnated thereon to prepare catalyst with Au:Ce molar ratios of 4:1, 2:1, and 1:1, respectively. Au/AlTiOx catalyst showed a very low activity, but the Au-Ce(2:1)/AlTiOx catalyst resulted in a NO conversion of 100% under the same conditions. Shin et al. [32] assembled 2–16 nm Pd-Au nanoparticles into TiO2 nanofibers with 117 ± 68 nm diameter by means of electrospinning method. The synthesized Pd-Au/TiO2 fiber catalyst shows a greater reactivities for the NO reduction with CO than Pd and Au alone fiber media because of decreased activation energies in the Arrhenius expression. In addition, the catalyst performance can be modified and improved by adding a plurality of different metals. For aluminum-supported catalysts, the addition of barium significantly inhibits the sintering of alumina, improves the dispersibility of Pd, and promotes the formation of active surface nitrates. It has higher catalytic activity than barium-free Pd/Al2O3 catalysts [33].



In contrast with most other works, Higo et al. [12] found that water only slightly affected CO and NO adsorption on PdLa0.9Ba0.1AlO3-δ catalyst surface and improved the carbonate species generated to rapidly remove. In addition to the contribution from lattice oxygen and oxygen vacancy on that catalyst, the occurrence of water was beneficial for NO removal by CO at low temperature (200 °C or below).




2.2. Non-Precious Metal Catalyst


2.2.1. Effect of Preparation Method


In the technology of NO removal by CO, iron oxide (Fe2O3), alumina (Al2O3), silica (SiO2), and ceria (CeO2), ZSM-5 are the commonly used carriers. In the process of catalyst preparation, diluted nitric acid is often used to react with the oxide carrier to modify the surface structure of the carrier particles, while hydrothermal method can provide the precursor with physical and chemical environments that cannot be obtained under atmospheric conditions. Sun et al. [34] prepared a series of CeO2 modified CuO/γ-Al2O3 catalysts by stepwise impregnation (SI) and co-impregnation (CI). These two different preparation methods induce significant difference on the spatial distribution of Cu species and in turn lead to different catalytic activity for NO reduction by CO. Compared to CuCeAl-CI, in CuCeAl-SI, more Cu species are dispersed on the surface of CeO2, fewer Cu particles are distributed on γ-Al2O3, and far fewer Cu species are migrated into ceria lattice during the calcination process. The activity of CuCeAl-SI was proven to be higher than that of CuCeAl-CI in NO reduction by CO, because sufficient interfacial CuO-CeO2 species are provided via the stepwise impregnation method.




2.2.2. Effect of Doped Species and Its Loading


The active species distribution can be affected by their precursor. Zhang et al. [35] tried copper and cobalt (acetate and nitrate) precursors to prepare CuO-CoOx/γ-Al2O3 catalysts via the co-impregnation method. With copper or cobalt acetate precursor, the Cu/Co particles are in an agglomerated state and have low activity; while with copper or cobalt nitrate, the metal particles are well dispersed and have high activity. Cha et al. [36] demonstrated that the post-annealing process, namely annealing temperature and time, also can affect the catalyst-support interaction. In the preparation of Fe-oxide/Al2O3 catalyst by means of temperature-adjusted chemical vapor deposition by depositing nano-sized Fe-oxide particles with a lateral size less than 2 nm in mesoporous Al2O3, the interface between Fe-oxide and Al2O3 is significantly enhanced and consequently enhances the catalytic activity for the NO reduction by CO. Boningari et al. [37] synthesized a series of anatase titania supported transition metal oxide (M = Cr, Mn, Fe, Ni, Cu; 10 wt.%) catalysts by means of wet impregnation method. Under identical operating conditions, MnOx/TiO2 catalyst shows a better performance of NO removal compared to the other catalysts, and exhibits higher than 90% NO conversion even in the presence of oxygen and at 50,000 h−1 high space velocity.



The loading of the active component affects the activity of the catalyst. A series of Fe-Ba/ZSM-5 catalysts with various Fe loadings (2.7–10 wt.%) were prepared via the impregnation method for NO and O2 adsorption and NO reduction by CO at 250–400 °C by Zhang et al. [38]. Results of NO-CO activity tests illustrated that the NO removal efficiency is greatly influenced by α-Fe2O3 species and its distribution degree. Higher Fe loadings, mainly α-Fe2O3, lead to an increased amount of adsorbed NOx and more uniform Fe species distribution, resulting in a better catalytic activity. However, the NOx adsorption capacity was observed to decrease at Fe loadings above 8.3% due to aggregation, and 4.7 wt.% Fe loading Fe-Ba/ZSM-5 catalysts exhibited the best NOx reduction efficiency.




2.2.3. Effect of CeO2


CeO2 has high storage and oxygen release capacity. As an active carrier, CeO2 has a high energy surface and can effectively improve the dispersibility of the active component and the stability of the catalyst through synergistic action. However, pure CeO2 has poor thermal stability and a small specific surface area, which is not suitable for industrial applications. Loading a metal, such as Mn, Cr-Cu, Co, etc., on CeO2 can increase its oxygen vacancies, which in turn increases its catalytic activity. Deng et al. [4] used co-precipitation methods to prepare a variety of catalysts including CeO2, Cu/CeO2, CeMn-5:2, and Cu/CeMn- (20:1, 10:1, 5:1, 5:2, 5: 3, 5:4). They found that appropriate doping MnOx into the lattice of CeO2 can increase the specific surface area, promote the catalytic activity and thermal stability, and obtain more Cu+ and Ce3+ (which may generate more oxygen vacancies). Cu/CeMn-10:1 exhibits the best catalytic activity of NO reduction by CO. Yoshida et al. [39] elucidated that co-doping Cr-Cu on CeO2 followed by thermally aging can produce a superior catalyst for NO reduction by CO, which was not observed for monometallic Cr or Cu catalyst and bulk oxide (CuCrO2). The high catalytic activity is associated with local structures of Cu+ and Cr3+ formed onto CeO2 surface by thermal aging. The catalyst is even superior to Rh/CeO2 with similar 0.14 wt.% metal loading and thermal aging history.



The catalyst activity of cerium oxide supported transition metal oxides formation is highly dependent on its synthesis parameters such as oxygen vacancy concentration and metal precursor selection. Savereide et al. [40] synthesized CoOx/CeO2 catalyst by incipient wetness impregnation method with different Co precursors, namely cobalt (II) nitrate hexahydrate, cobalt (II) acetate, cobalt (III) acetylacetonate, and disodium cobalt (II) on the CeO2 nanorods and commercial nanoparticles. They mainly found that the CeO2 nanorods is better than the commercial CeO2 nanoparticles due to greater number of defects in nanorods consistent with better anchoring at the oxygen vacancy defects, and the cobalt (III) acetylacetonate outperforms other precursors. They thus suggested that the reactivity of the supported CoOx on the NO reduction by CO are essentially affected by the precursor choice and defected supports. The same phenomena was also observed on γ-Al2O3 supported catalyst. Wang et al. [41] prepared CuO/MnOx/γ-Al2O3 catalyst with acetate and nitrate precursors to reduce NO by CO. The catalyst prepared from acetate precursors (Cu/Mn/Al-A) was observed to have better catalytic activity than nitrate derived catalyst (Cu/Mn/Al-N), because Mn species are more uniformly dispersed on the catalyst surface. For both catalysts, the state of copper is similar, while obvious difference is represented by the chemical valence of manganese species. Mn (III) is enriched on γ-Al2O3 by using manganese acetate as a precursor, while Mn (IV) is dominated when manganese nitrate is employed. In our opinion, low-oxidization-state metal ion favors metal oxide dispersion, which consequently prompts NO dissociation and improves the performance in the NO reduction by CO.




2.2.4. Effect of Pretreatment Method


A proper pretreatment of the catalyst can improve its activity. Gu et al. [42] prepared CuO/CeO2 catalyst by impregnation method, and carried out CO pretreatment. As a result, it was found that the activity of the catalyst after the CO pretreatment is remarkably improved. Yoshida et al. [39] used vacuum cathode pulse arc plasma technology to prepare Cr-Cu/CeO2, Cr-Cu/CeO2-ZrO2, Cr-Cu/ZrO2, Cr-Cu/Al2O3, and Cr-Cu/TiO2 catalyst. The NO activity test results showed that Cr-Cu/CeO2 has the highest catalytic activity. The calcination temperature also affects the performance of the prepared catalyst, especially the physical properties. Zhang et al. [43] prepared a series of CoOx catalysts supported by CeO2 at different firing temperatures. It was found that the physical properties (SSA, pore size, and particle size) of the catalysts change significantly with the increase of firing temperature, especially when the temperature was higher than 700 °C.




2.2.5. Semi-Coke Catalyst


In our group, we have been working on activated semi-coke (ASC) supported catalysts for NO reduction by CO for many years [44,45]. The semi-coke is a by-product of lignite combustion, which has good adsorption properties and high mechanical strength. ASC doped with metals exhibits a remarkable ability for nitrogen oxides adsorption. Understanding the fact that iron oxides are not efficient at low temperatures and cobalt oxides exhibit high N2O selectivity, we have successfully synthesized Fe0.8Co0.2/ASC with superior NO reduction performance by CO at low temperatures (<350 °C) via the hydrothermal method [44]. The mixed crystal effect between Fe and Co is expected to generate microstress in the lattice and consequently create some defects, which is beneficial for oxygen dissociation and oxygen vacancies generation. The characterization results specified that the Co is the catalytic site of nitrate oxide, and the Fe is the catalytic site of CO. Following this idea, we further [45] revealed that lignite-type ASC catalyst has better NO adsorption and reduction performance than the bituminous coal-type ASC catalyst.




2.2.6. Non-Precious Multi-Metal/Metal Oxide Catalyst


Multi-metal/metal oxide catalyst as an emerging catalyst attracts more and more attention due to its excellent catalytic performance, better than single metal oxide catalyst. In our group, two [11] and three [46] metal oxides support catalysts were assessed to reduce NO by CO. Cheng et al. [11] found that Cu supported on mixed Fe2O3 and CeO2 support catalyst is better than that of single metal oxide catalyst. Cubic CeO2 was found to serve as the lattice framework in the support of mixed oxides, and Fe2O3 phases are mainly formed on the surface of CeO2 lattice. CeO2 serves as the storing sites of carbonate and enhances CO oxidation, Fe2O3 serves as the storing sites of nitrites and nitrates and facilitates NOx adsorption, and impregnated copper helps to convert inactive nitrites into active intermediates for NO+CO reaction. The promoted adsorption and conversion of both carbonates and nitrites/nitrates over the catalyst is likely responsible for its excellent NO reduction by CO. Moreover, Du et al. [46] prepared three composite metal oxide catalysts (Cu2M9CeOx, where M = Fe, Co, Ni) by citric acid complexation. The experimental results showed that the NOx reduction efficiency of the three catalysts is Cu2Co9CeOx > Cu2Fe9CeOx > Cu2Ni9CeOx. The results of TEM and HRTEM unveiled that the interior of Cu2Co9CeOx may be composed of CuCo mixed oxide and Ce11O20.



To target a low temperature application, Wang et al. [47] synthesized a series of CuCexCo1xOy (x = 0.1, 0.2, 0.3, 0.4) catalysts, which can achieve 100% NO reduction by CO on the CuCe0.2Co0.8Oy surface at as low as 175 °C temperature. They thought that the addition of Ce not only improves the dispersity of CuO species on the catalyst surface, but also promotes the redox properties of catalyst. All those lead to an increase in the CO adsorption/conversion, the activation of surface oxygen vacancies, and NO dissociation on the catalyst surface.




2.2.7. Effect of New Carriers


Catalysts with new carriers, including crypto-manganese or manganite (OMS-2) [48], metal-organic frameworks (MOFs) [49], zeolite imidazolate skeleton (ZIF) [50], and AlPO4 [51], have shown outstanding catalytic performance in the field of NO removal by CO. OMS-2 material (also known as crypto-manganese or manganite) is based on the MnO6 octahedron shared by the edges and has a 2 × 2 tunnel structure [52]. OMS-2 is a rich, low cost, and environmentally friendly material. Due to its unique structural characteristics (such as porous structure, mixed valence of Mn, easy release, and storage of lattice oxygen), it is widely used in fine chemical synthesis and environmental purification of pollutants. Metal-organic frameworks (MOFs) are porous crystalline materials with unique advantages, including large surface areas, primarily for gas storage, separation, and catalysis. ZIF, namely zeolite imidazolate skeleton structure material, is a kind of caged structure porous crystal material. The cage structure contains up to 264 vertices in a porous network and is constructed from up to 7524 atoms. This cage structure can selectively and efficiently capture and store gases, which, coupled with its stability and the simplicity of the synthesis method, makes ZIF an excellent carrier material. Figure 2 shows the structure of OMS-2, MOFs, and ZIF. Yun et al. [48] loaded copper oxide on OMS-2 nanorods and prepared CuO/OMS-2 nanocomposites with the molar ratios of Cu/Mn of 0.148, 0.332, 0.569, and 0.886, and found that the optimum Cu/Mn molar ratio of CuO/OMS-2 nanocomposites is 0.569. With the optimum Cu/Mn molar ratio, the CuO/OMS-2 nanocomposite shows excellent catalytic activity at temperatures below 300 °C, which significantly outperform the commercial precious metal catalysts (0.84 wt.% Pd/MgO-Al2O3-SiO2). Salker et al. [53] prepared a series of Co3-xCuxO4 (where x = 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0) catalysts with different Co and Cu contents by sol–gel method. The results showed that the catalytic conversion of NO and CO on the Cu-substituted cobalt oxide spinel show enhanced activity for the reaction of CO-O2 and NO-CO. Co2.9Cu0.1O4 could reach a complete conversion at 209 °C for NO reduction by CO. Qin et al. [49] obtained the A-Cu-BTC (A = Fe, Ni, Co, Mn) catalyst by pre-assembly method using direct ion exchange treatment then used as a precursor to synthesize AOx/CuOy/MOF under a nitrogen atmosphere at 600 °C. As per its outstanding catalytic performance, they stated that the design of the mixed node MOFs as a precursor will have a good prospect of NO removal by CO. Wang et al. [50] synthesized metal-modified Me-ZIF-67@CuOx (Me = Mn, Fe, Al, or Zn) through colloidal chemical synthesis and encapsulation method at room temperature for low-temperature NO removal by CO. At low temperature (<200 °C), the catalytic abilities on denitrification rate were above 90%. In the meantime, the ratio of Co2+/Co3+ remained a high value in Me-ZIF-67@CuOx, the denitrification performance of Al-ZIF-67@CuOx was greatly improved, and Mn-ZIF-67@CuOx had the best performance in the sulfur resistance test. Kacimi et al. [51] prepared Cu/AlPO4 catalysts with Cu loading of 1, 2.5, and 5 wt.% by Cu(II) ionic complex exchange. As a result, it was found that the most active catalyst is 5Cu/AlPO4, which has the most dispersed copper (II) material, and can reduce NO at a low temperature.



It is also found that some natural ores have good NO removal performance under CO atmosphere because they contain a lot of Fe, Ce, and other elements. Zhu et al. [54] investigated the catalytic denitrification performance of Bayan Obo rare earth tailings. With the synergistic effect between Fe elements, in the tailing exists mainly in the form of Fe2O3 and Fe3O4, and Ce3+, NO conversion rate could reach 97% in the CO atmosphere at 900 °C.
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Table 1. Catalysts for catalytic reduction of NOx by CO under different conditions.
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	Catalyst
	Maximum Conversion Temperature/°C
	NO Conversion Rate/%
	Reducing Agent
	N2 Selectivity (at Maximum Conversion Temperature)/%
	Active Temperature Window/°C
	GHSV

/h−1
	References





	FeCo/ASC(CT-KOH)
	250
	100
	2000 ppmCO
	80
	250–350
	20,000
	[45]



	FeCo/ASC(CT-vapor)
	350
	63
	2000 ppmCO
	100
	250–350
	20,000
	[45]



	5Cu/AlPO4
	400
	85
	1.5% CO
	
	300–500
	12,000
	[51]



	2.5Cu/AlPO4
	450
	38
	1.5% CO
	
	300–500
	12,000
	[51]



	1Cu/AlPO4
	450
	25
	1.5% CO
	
	300–500
	12,000
	[51]



	CuO/γ-Al2O3
	300
	98
	10% CO
	98
	250–300
	12,000
	[35]



	CoOx/γ-Al2O3
	300
	0
	10% CO
	100
	250–300
	12,000
	[35]



	CuO-CoOx/γ-Al2O3
	300
	100
	10% CO
	100
	250–300
	12,000
	[35]



	CuCeAl/γ-Al2O3
	400
	100
	10% CO
	100
	300–400
	24,000
	[34]



	CuAl/γ-Al2O3
	400
	20
	10% CO
	85
	300–400
	24,000
	[34]



	CeAl/γ-Al2O3
	400
	6
	10% CO
	50
	300–400
	24,000
	[34]



	Ni/TiO2
	200
	60
	1% CO
	
	50–200
	50,000
	[37]



	Cu/TiO2
	200
	50
	1% CO
	
	50–200
	50,000
	[37]



	Cr/TiO2
	200
	31
	1% CO
	
	50–200
	50,000
	[37]



	Fe/TiO2
	200
	29
	1% CO
	
	50–200
	50,000
	[37]



	Mn/TiO2
	200
	95
	1% CO
	
	50–200
	50,000
	[37]



	Cu2Co9CeOx
	250
	100
	2%CO
	
	250–400
	20000
	[53]



	In/TiO2/γ-Al2O3
	600
	45
	2.1%CO
	45
	400–600
	7000
	[27]



	Ag/TiO2/γ-Al2O3
	600
	43
	2.1%CO
	43
	400–600
	7000
	[27]



	InAg/γ-Al2O3
	600
	46
	2.1%CO
	46
	400–600
	7000
	[27]



	InAg/TiO2/γ-Al2O3
	600
	68
	2.1%CO
	68
	400–600
	7000
	[27]



	CeZr/La2O3-Al2O3
	700
	80
	CO/NO = 1:1
	55
	500–700
	2868
	[30]



	0.5Pd/CeZr/La2O3-Al2O3
	300
	100
	CO/NO = 1:1
	25
	250–700
	2868
	[30]



	1.5Pd/CeZr/La2O3-Al2O3
	300
	100
	CO/NO = 1:1
	30
	250–700
	2868
	[30]










2.3. Reaction Mechanism


Numerous works have been conducted to explore the mechanism of NO removal by Co with different catalysts. Since different catalysts exhibit different unique reaction mechanisms of NO removal, the present paper focuses on those of interest, which are the reactions of NO removal by CO on Ni/CeO2, AOx/CuOy/MOF (A = Fe, Ni, Co, Mn), and Cr-Cu/CeO2 catalysts. Their reaction mechanisms are summarized in Figure 3a–c.



The active center of the catalyst and the process of NO removal by CO have been studied. There are two types of nitrogen oxides adsorbed on the catalyst: NO or NOx (x = 2 or 3). As shown in Figure 3a, during NO adsorption, NO does not dissociate on the oxidized surface of NiO/CeO2 to produce nitrogen atoms. When two NO molecules are near the Ce3+ oxygen vacancy, nitrite will be formed, and the decomposition of nitrite leads to the formation of N2O. As the surface oxygen occupies the active site, the formation of N2O decreases gradually. These nitrite species are important intermediates for the formation of N2, NO, N2O, etc. [55]. Yao et al. [56] found that on the CexSn1-xO2 catalyst, NO molecules are preferentially adsorbed on the catalyst surface due to its unpaired electrons. Those NO molecules generate a variety of nitrite and nitrate species, thus further inhibiting the adsorption of CO species. However, the contact between CO molecules and the surface of CexSn1-xO2 catalyst will lead to the reduction of catalyst during the heating process, thus forming more surface Ce3+ and oxygen vacancy. CO species adsorbed on the surface Ce3+ can react with O radical generated by the decomposition of NO on the adjacent oxygen vacancy to generate CO2. The remaining N radical can combine with NO molecules to form N2O, or their own combination to produce N2.



Molecular adsorption is a key step in the gas–solid phase reaction. The adsorption site provided by the catalyst plays an important role in the catalytic reaction. For non-precious metal catalysts, the active center includes both active metal ions and oxygen vacancies. The key to efficient NO removal relies on the amount of surface oxygen vacancies, the degree of dispersion of the metal oxide, and the redox capability of the catalyst. Zou et al. [57] synthesized Cu2O rhombohedral dodecahedron (110), octahedron (111), and cube (100). The TPR results showed that the order of reduction ability is (110) > (111) > (100). The order of activity of the reaction is consistent with its order of reducing ability. Metal Cu nanoparticles formed by the exposed crystal faces of Cu2O are observed on the surface. NO adsorption/dissociation is one of key steps, and the crystal plane effect has an important influence on catalytic behavior and in-situ structural transformation. An increase in surface oxygen vacancies can promote the reaction of NO removal by CO. The CO and NO adsorbed on the carrier undergo a “hydrogen drop” reaction with the hydroxyl group to form NH3, and water-induced hydroxylation promotes the formation of NH3 [57]. As shown in Figure 3b, Qin et al. [49] investigated AOx/CuOy/MOF (A = Fe, Ni, Co, Mn) catalyst, and found that the addition of A can improve the catalytic efficiency. In the organic framework, NO(g)+Cu+→NO(ad)+Cu2+, the adsorbed CO species reacts with O radicals to form CO2, and the N radical and another N radical generate N2. The Co-O surface is active for CO adsorption, and CO can absorb lattice oxygen from the cobalt spinel oxide to form CO2. The adsorbed NO molecules desorb off the dissociation to form N2, thereby regenerating the surface active sites of CO and NO adsorption. Since Rh3+ can occupy the octahedral position in the Co3O4 spinel, its substitution enhances the reduction process of CO2 from surface desorption and enhances the chemical adsorption capacity of NO. Pd2+ and Ru4+ cations occupy the tetrahedral position of cobalt spinel oxide, which has a lower effect on NO conversion than Rh3+ [12].



Regarding the formation of oxygen vacancies, Wang et al. [55] proposed a model of NO+CO interaction, including the following three steps: reducing the surface of the catalyst by CO, generating oxygen vacancies, and dissociating the adsorbed NO in the vacancies scavenging of surface O free radicals by CO, avoiding the inhibition of oxygen accumulation with the regeneration of surface oxygen vacancy. On the CuNCoA catalyst, oxygen vacancies can weaken the NAO bond to promote dissociation of NO. The addition of oxygen reduces the NO conversion, because O2 produces O radicals and reacts with the adsorbed CO to form CO2 [35]. Deng et al. [58] found that the contact of CO with the Cu/TC-60:1 catalyst resulted in the catalyst being reduced to Ti3+ and Ce3+ and producing more surface oxygen vacancies. During heating, Cu2+ can be reduced to Cu+. As a result, more CO adsorption sites are generated due to the presence of more Cu+. In addition, Cu2+ is further reduced to CuO metal, N2O is further reduced to N2 and O at high temperature, and adjacent CO and O combine to form CO2, and new active sites on the surface are regenerated. NO is decomposed and adsorbed on the surface of the catalyst, and the obtained O immediately forms an oxygen balance with the surface of Cr-Cu/CeO2 and reacts with CO adsorbed at the Cu+ site to form CO2. CO adsorption to Cu+ and NO adsorption is a key step [39], as shown in Figure 3c.



In presence of oxygen, the NO-CO reaction will not happen until the oxygen concentration is below a threshold value due to the stronger adsorption ability of oxygen than NO [19]. The reduction of NO by CO is promoted by the increase of CO concentration, but it is limited by the increase of oxygen concentration. Thus, in our point of view, NO reduction is dominated by NO adsorption and decomposition on the active site of the catalyst [20].





3. Catalysts for NO Removal by CH4


Compared with other hydrocarbons, methane is cheaper and relatively easier to be obtained. Methane is the simplest molecule in hydrocarbon molecules, and its structure is highly symmetrical and inert. It is difficult to absorb methane molecules on the catalyst surface, which hinders the reaction of NOx reduction [17].



Catalysts for the reaction of NOx reduction by CH4 can also be divided into two categories: non-precious metal and precious metal series catalysts. Precious metal catalysts (Pt, Pd, etc.) have high activity; their temperature range, however, is narrow. Once occurring deactivation, it is hard to regenerate. In contrast, non-precious metal catalysts are often cheaper, but their activity is limited. Table 2 shows some of catalysts for catalytic reduction of NOx reduction by CH4 under different conditions.



3.1. Precious Metal Catalyst


The activity of the precious metal catalyst of CH4-SCR is essentially impacted by the active component and its support. The active component is the key material for the catalyst to exhibit activity, while the primary role of the carrier is to increase the surface area of the catalyst, providing a “location” for the active component and enhancing sufficient mechanical strength and thermal stability of the catalyst.



A Pt(0.5%<x<4%) H(0.95) ALMCM-41 catalyst with different platinum contents was prepared by Sakmeche et al. [59]. The activity test results showed that the NO conversion rate is the highest at CH4/O2 = 2, and the highest activity of the catalyst occurs at x = 2.5 wt.%. Once the reaction temperature exceeds 400 °C, the activity of the catalyst decreases, because the excessive temperature may destroy the structure of the catalyst, resulting in a large reduction in the active site. On the Pd/H-MOR catalyst, Pd exists in the form of Pd2+, which is responsible for the high catalytic activity of NO removal by CH4 in the presence of oxygen. The acid sites of the carrier are important to the NO removal. The zirconia was sulfated to obtain Pd/Co-SZ. Compared with Pd/Co-HMOR, the NO conversion rate is lower than that of the latter, indicating that the acidity of the carrier is beneficial to the improvement of catalytic activity [60]. In the experiment of catalytic reduction of NO by methane in 0.1 wt.% Pd/sulfated alumina (SA) catalyst, Pd supported on Al2O3 mainly exists as oxide, while Pd supported on SA exists mainly in isolated Pd2+ ion. Thus, sulfation can promote the reduction reaction [61]. Azambre et al. [62] prepared Pd sulfated ceria–zirconia (SCZ) catalysts by impregnation of a PdCl2 precursor dissolved in ammonia solution on a sulfated Ce0.21Zr0.79O2 support for the SCR of NO by methane under the conditions 150 ppm NO; 1500 ppm CH4; 7 vol.% O2; catalyst with Pd loadings in the range 0.24–0.53 wt.% best achieved CH4-SCR performances with 30–35% NO conversion to N2 around 350–400 °C.



Indium is also a relatively common metal in the experiment of NO removal by CH4. Hernán et al. [63] studied the characteristics of species produced by continuous exchange of indium and palladium in H-mordenite (HM). Pd was added to the In/HM catalyst by reduction solid-state ion exchange, and the catalytic effect was dependent on the In loading of the sample. For higher loadings of PdIn/HM, the addition of Pd results in an increase in catalytic activity. The activity of the catalyst is closely related to the nature of the supported metal and the amount of loading. In order to study the relationship between the structure of indium sites and their catalytic properties, Sowade et al. [64] prepared In/ZSM-5 catalysts in different ways (water ion exchange at different pH values, solid state ion exchange, sublimation and transmission reaction with InCl3 indium source). The indium oxide was found to be the active site, and the reaction of NO removal by CH4 on In/ZSM-5 required an acidic site. Mixing the two carriers together in a certain ratio is also one of the commonly used means for increasing the activity of the catalyst. It was found that the activity of the In/WO3/ZrO2 catalyst is significantly higher than that of WO3/ZrO2, ZrO2, and In/ZrO2. The characterization results showed that indium has two forms of InO+ and In2O3, and only InO+ is active for the reaction of methane to reduce NO [65]. The synthesis conditions, such as ion exchange liquid concentration and calcination temperature, have significant effects on the catalytic activity of CH4 selective catalytic reduction of NOx [66]. Experiments have shown that when the exchange liquid concentration is 0.033 M and the calcination temperature is 500 °C, the In/H-Beta catalyst exhibits excellent activity; its NOx removal rate can reach 97.6%.



The noble metal-containing zeolite-based catalysts have good activity in NO reduction by CH4. Their activity highly depends on the noble metal loaded content, and a peak activity occurs at a certain content, because excessive metal loading could block the pores of the catalyst. Synergistic effects may happen when a non-noble metal is doped on the precious metal catalyst, thereby increasing the reaction efficiency of the catalyst. Azizi et al. [67] prepared a series of Ag/γ-Al2O3 catalysts with different Ag loadings (2–8 wt.%). The results showed that the activity of the catalyst is the highest when the loading of silver is 2 wt.%. Comparison of Pdx/HMOR (x = 0.15, 0.3, 0.5, 0.7), Pd0.3Cey/HMOR (y = 1, 2, 3, 5, 10), Ce2/HMOR catalyst, and Pd0.3Ce2/HMOR showed the highest catalytic activity in NO reduction by CH4. The characterization results showed that the addition of Ce to the Pd/HMOR catalyst can improve the catalytic performance [68]. Sun et al. [69] used the impregnation method to prepare Ag(x)/ZSM-5 (x = 3, 6, 9) catalyst. The study showed that the acidity and acid amount of catalyst changes when Ag is loaded on ZSM-5 molecular sieve, and the N adsorption and NO removal performance of catalyst is improved. At the same time, with the increase of Ag load, larger Ag grains are observed, which is conducive to catalyst activation and enhanced NO removal performance. Rodrigues et al. [70] doped palladium and cobalt into zeolite by two-step post-synthesis method to prepare Pd0.15SiBEA and CoxPd0.15SiBEA zeolites (where x = 1.0 and 3.0 wt.% Co). These techniques allow the cobalt to be present as isolated mononuclear Co(II) species in both Co1.0Pd0.15SiBEA and Co3.0Pd0.15SiBEA catalysts. The catalytic activity of CoxPd0.15SiBEA strongly depends on the content of this particular Co(II) species. When Co content increase from 1.0 to 3.0 wt.%, the NO conversion in the CH4-SCR process increases from maximum value of 25% to 55%. The methane conversion is lower than 15% for Co1.0Pd0.15SiBEA at 230–460 °C, but for Co3.0Pd0.15SiBEA is much higher at 400–500 °C, reaching maximum value of 35% at 500 °C.



The reaction of NO removal by CH4 often involves multiple bond cracking and reforming, thus requiring multiple active centers. It is rare for a single active component to have these catalytic centers at the same time. Multiple active components catalyst is more often encountered in practice. Therefore, doping different elements together to obtain a highly active catalyst is of great interest. In the Pd/H-MOR and Ce-Pd/H-MOR catalysts, Ce added to the Pd/H-MOR catalyst increases the activity of CH4 to NO removal [71]. Mendes et al. [7] prepared Pd0.3Ce2/HBEA catalyst and Pd0.3Ce2/HMOR catalyst by ion exchange method. The catalyst was tested in a dual bed configuration, where Pd0.3Ce2/HBEA is placed on the first layer and Pd0.3Ce2/HMOR is placed on the second layer. The experimental results showed that the placement in the above manner can significantly improve the catalytic performance. Both catalysts exhibited synergistic effects compared to a single catalyst. Better and more uniform dispersion greatly improves its catalytic performance for NOx reduction [72]. In the Pt/La-Al2O3 and Pt/Ce0.67Zr0.33O2 monolith catalysts, the latter has higher activity [73].




3.2. Non-Precious Metal Catalyst


3.2.1. Transitional Metal Catalysts


The transition metals Fe, Co, Ni, Al, and Cu are commonly non-precious metal active ingredients. In the Cu-based catalyst system with high surface area structure, the copper species exists in the form of massive CuO crystals, which can lower the temperature of the NO desorption peak [74]. The methane combustion reaction that may occur in the CH4 reduction of NO reduces the activity of the catalyst [17]. The addition of O2 inhibits the removal of NO, but promotes the conversion of CH4. Ren et al. [75] prepared Fe/ZSM-5 catalysts with different Fe loadings by the impregnation method. The results showed that the activity of this series of catalysts is very poor [76]. MOR is a zeolite molecular sieve with uniform micropores. The pore size is comparable to the general molecular size, with a unique regular crystal structure and a strong acid center. Among the Co- and Ni-exchanged Na-MOR (Si/Al = 9.2) catalysts prepared by ion exchange, Co-MOR and Ni-MOR are active for the NO removal by CH4. Co-MOR has a high catalytic ability for the decomposition of N2O [77]. Hong et al. [78] prepared Cox-MOR catalysts with different Co contents by the impregnation method. The performance test results showed that the cobalt loading is closely linked to the catalytic ability of Co-MOR. When the loading of Co is 10 wt.%, the Co10-MOR catalyst exhibits a high catalytic activity in the reaction of NO removal by CH4. The experiment showed that the carrier, the concentration of the ion exchange liquid, and the calcination temperature also affect the activity of the catalyst. Li [14] found that adding Co3O4 to the In/H-Beta catalyst can effectively improve the water resistance and sulfur resistance of catalyst. This is because the Co3O4 has good oxidation resistance to enhances the catalyst and CH4 adsorption effect. It also makes the CH4 more likely to be activated. Janas et al. [79] prepared FeAlBEA and FeSiBEA zeolites by a conventional ion exchange and a two-step post-synthesis method, respectively. Results show the catalytic activity of FeAlBEA and FeSiBEA catalysts in SCR of NO with ethanol or methane depends on the nature of Fe species and the presence of Al and Fe ions in the zeolite framework. Fe1.4AlBEA has higher activity in the SCR of NO with methane and much higher selectivity toward N2 than Fe1.3SiBEA catalyst because of its higher strength and amount of Brønsted and Lewis acidic centers.




3.2.2. Effect of Reaction Conditions


The reaction conditions will also affect the selective catalytic reduction of NO by CH4. Charrad et al. [80] prepared Co/H-SSZ-13 catalyst and investigated effects of the reaction conditions. The experimental results showed that when 500 ppm NO, 1.8% CH4, 3.7% O2, and 5.5% H2O were supplied in, while the GHSV during the control reaction was kept at 15,000 h−1, the nearly 100% NO conversion rate can be obtained.
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Table 2. Catalysts for catalytic reduction of NOx by CH4 under different conditions.
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	Catalyst
	Maximum Conversion Temperature/°C
	NO Conversion Rate/%
	Reducing Agent
	O2

/%
	N2 Selectivity/%
	Active Temperature Window/°C
	GHSV

/h−1
	References





	Pd/Co–HMOR
	500
	42
	4000 ppm
	10
	
	450–550
	60,000
	[60]



	Pd/Co–SZ
	550
	37
	4000 ppm
	10
	
	450–550
	60,000
	[60]



	Co1.0Pd0.15SiBEA
	420
	26
	1500 ppmCH4
	7
	
	400–450
	40,000
	[70]



	Co3.0Pd0.15SiBEA
	480
	56
	1500 ppmCH4
	7
	
	400–500
	40,000
	[70]



	Pd0.24/SCZ28
	400
	31
	1500 ppmCH4
	7
	
	350–450
	40,000
	[62]



	Pd0.47/SCZ28
	400
	34.5
	1500 ppmCH4
	7
	
	350–450
	40,000
	[62]



	Pd0.53/SCZ28
	400
	33.6
	1000 ppmCH4
	7
	
	350–450
	40,000
	[62]



	Pd0.99/SCZ28
	385
	17
	1000 ppmCH4
	7
	
	350–450
	40,000
	[62]



	Pd1.04/SCZ28
	300
	7
	1000 ppmCH4
	7
	
	300–350
	40,000
	[62]



	Fe1.3Si/BEA
	350
	18
	2000 ppmCH4
	2
	85
	300–400
	40,000
	[79]



	Fe1.4Al/BEA
	400
	30
	2000 ppmCH4
	2
	95
	300–500
	40,000
	[79]



	Pt/La-Al2O3
	600
	100
	2000 ppmCH4
	0.5
	
	500–600
	40,000
	[73]



	Pt/Ce0.67Zr0.33O2
	450
	100
	2000 ppmCH4
	0.5
	
	450–600
	40,000
	[73]



	In/H-BEA
	552
	98
	600 ppmCH4
	5
	
	450–550
	20,000
	[8]











3.2.3. Effect of Carrier


Zeolite is a common carrier for the catalyst preparation. Lim et al. [81] prepared four cage-type small pore zeolites with different framework topologies, namely Co-CHA, Co-RTH, Co-UFI, and Co-LTA with 10–11 and 0.44–0.49 Si/Al and Co/Al ratios, respectively. The structure of cobalt ion is shown in Figure 4. Experiments have found that the catalyst has a high NO conversion rate as high as 90% in a humid environment of 500 °C and a carrier silicon-to-aluminum ratio of 6. The CH4-SCR activity of all four catalysts decreases in wet conditions, and the activity of Co-CHA is least influenced by water vapor. The characterization results show that the framework topology and composition of the zeolite support are the key factors that determine the position of Co2+ ions in the zeolite and the catalyst activity.




3.2.4. Effect of Pore Size and Structure


Conventional mesoporous or macroporous Al2O3 catalysts have a low specific surface area and a wide pore size distribution, which limits their practical application. In a supported catalyst, the difference in the amount of active component supported affects the activity of the catalyst. Li et al. [82] chose AEO-7 as a soft template and prepared ultra-microporous nanocrystalline Cu/Al2O3 (pore size 1–2 nm) by evaporation-induced self-assembly (EISA). After removing the template at 500 °C, the catalyst shows a high specific surface area. The pore volume is large enough to allow diffusion of the reactants and product surfaces. The stencil effect of the surfactant is the key to obtaining a high surface area material. It was found that the ultramicroporous nanocrystalline Cu/Al2O3 catalyst has a narrow pore size distribution, high thermal stability, large surface area, and good dispersibility of active copper. Therefore, the activity of the ultramicroporous Cu/Al2O3 catalyst is significantly higher than that of the conventional Cu/Al2O3 catalyst.




3.2.5. Non-Precious Multi-Metal/Metal Oxide Catalyst


Introducing new experimental means or modifying the catalyst could increase the efficiency of the CH4 reduction NO reaction. Li et al. [83] found that among the Mn/ZrO2, Mn/Na2SO4/ZrO2, and Mn/SZ (sulfation) catalysts, the third catalyst has the highest activity. The characterization results showed that the strong Brønsted and Lewis acid sites in the Mn/SZ catalyst are essential for the methane reduction of NO. Metal modification of conventional catalysts is one of the effective methods to improve the activity and water resistance of catalyst. Lin et al. [13] used Fe to modify the Al2O3 supported Ga2O3 catalyst. They prepared xFe/Ga2O3-Al2O3 catalyst by precipitation method. The test results showed that the Fe modified catalyst has better activity and water resistance at high temperature. Chou et al. [84] studied the effects of active component copper content, auxiliary component (Mg, Pr, Co, Y, La), and their contents on the NO removal performance of catalyst. They found that the optimal content of active component copper is 5 wt.%. The best auxiliary agent is Co, and the optimal content is 5 wt.%. The optimal catalyst 5Cu-5Co/ γ  -Al2O3 showed good hydrothermal stability and the ability to adapt to air speed changes at 500 °C, and the catalyst in the oxygen atmosphere is conducive to the catalytic reaction of NO removal.





3.3. Reaction Mechanism


In this paper, three representative NO removal by CH4 processes are discussed, and the reaction mechanisms of NO removal by CH4 process with Co/H-ZSM, In/WO3/ZrO2, and In/H-BEA catalysts are summarized as shown in Figure 5.



The researchers explored the reaction process of reducing NO by CH4 through extensive experimental works. Figure 5a describe a reaction scheme for NO removal by CH4 over Co/H-ZSM catalyst. In the Co/H-ZSM catalyst, the reaction of NO oxidation to NO2 is accelerated at the acid sites of the Brønsted acid. The reaction of NO-CO provides an intermediate product for the reaction of CH4-NO. Surface nitrate species react with methane to produce an active intermediate for the CH4-NO reaction. The activation of the C-H bond in CH4 serves as a rate determining step for the NO removal reaction [17]. It was found that the formation of NO is significantly increased when high concentration of steam is introduced in the enriched condition, which is due to the increase of OH roots caused by the addition of high concentration of steam in the enriched condition [85]. The adsorbed nitrate species and HCOO- have been shown to be key intermediates for the CH4-NO reaction in the presence of O2.



When NO cannot be directly adsorbed on the surface of the catalyst to form nitrate species, the oxidation of NO to NO2 is the only way to form nitrate [86]. A simplified reaction mode for the NO removal by CH4 over In/WO3/ZrO2 catalysts is presented in Figure 5b. On In/WO3/ZrO2 (In/WZr) catalyst, NO is firstly oxidized by O2 to NO2. The adsorbed NO2 then form nitrate species, which are adsorbed on two different sites. One is adsorbed on the WZr carrier and the other is adsorbed on the InO+ site. At low temperatures, active sites for CH4 activation are covered by nitrate species, which hinders the CH4-NO reaction. As the temperature increases, nitrate species adsorbed on the WZr carrier disappear and the active sites are restored to maintain the CH4 activation and CH4-NO reaction at 350 °C. The formation of HCOO−, one key intermediate for NO removal by CH4, is associated to the uncovered WZr carrier and the NO3− species adsorbed on the InO+ site. The WZr carrier promotes CH4 decomposition and the NO3− species adsorbed on InO+ provides active oxygen. The N2 is formed in the interaction between the intermediates of HCOO− and nitrate species.



Figure 5c indicates the process of NO removal by CH4 over In/H-BEA catalysts. Pan et al. [8] found that NO and O2 adsorbed on the Brønsted acid sites of the molecular sieve to produce NO+. Subsequently, on the InO+ active site NO+ forms important intermediates of nitrates. Methane then was activated to generate -CHO and -COOH, etc., carbonaceous species. Finally, on the InO+ active site, the nitrate reacts with the carbonaceous material to form N2, H2O, and CO2.



In terms of oxygen in the NO removal by CH4, the inhibition of oxygen is different from that of CO-NO reaction; oxygen has a dual effect on the NO removal by methane. In the process of NO oxidation to NO2 and NO adsorption, the higher the oxygen content, the faster the process rate. In the methane oxidation process, the higher the oxygen content, the lower the catalytic efficiency. In the experiment of catalytic reduction of NO by methane, NO is first oxidized to NO2, and then NO2 oxidizes hydrocarbons to CxHyOz intermediate, which is the actual reducing agent responsible for regenerating the active sites involved in the direct decomposition of NO-N2 [7]. In addition, the negative effect of oxygen on NO removal efficiency stems from the competitive reaction of oxygen and NO with respect to CH4, and the oxygen in the flue gas is an essential factor for the oxidation of NO to the catalyst surface. Oxygen plays a dual role of positive (promoting adsorption) and negative (suppressing reduction) in the NO reaction process. Therefore, a suitable catalyst should be selected to react methane with NO to increase the conversion rate of NO. To our knowledge, the technology of NO removal by CH4 has not been widely applied in industrial equipment due to its catalytic activity, high requirements on reaction flue gas atmosphere, and narrow temperature window.





4. Catalysts for NO Removal by H2


Compared with the traditional NH3-SCR, selective catalytic reduction of NO with H2 (H2-SCR) in the presence of O2 has attracted much attention, because of the advantage of introducing no secondary pollutants and without other disadvantages such as ammonia slip and catalyst deactivation. Meanwhile, H2-SCR can remove NOx at lower reaction temperature (<200 °C).



At present, the reports on NOx reduction by H2 are mainly concentrated on noble metal catalysts, while very limited works have been conducted on non-precious metal catalysts. Therefore, we will focus on the research progress of precious metal catalysts in recent years from the traditional carrier and new carrier. Some of catalysts for catalytic reduction of NOx by H2 under different conditions are tabulated in Table 3.



4.1. Traditional Carrier


Traditional carriers of catalyst for NO reduction include metal oxide (e.g., Al2O3 [87], SiO2 [88]), zeolite (ZSM-5 [89], ZIF [90], H-Zeolite Y(HY) [91]), aluminate spinel [92], and perovskite-type composite oxide [93]. They are relative stable and commonly compatible with most of precious and non-precious metals. Most of them do not have or have very limited catalytic ability, except zeolite carrier. NO reduction performance of catalysts made from the traditional carrier is affected by synthesis condition, doped metal, and carrier’s structure and acidity, etc.



The acidity of carrier strongly affects the dispersion and chemical state of Pt. Li et al. [87] reported that among the Pt/MgO, Pt/ γ -Al2O3, Pt/ZrO2, and Pt/HZSM-5 catalysts, the catalyst activity is significantly different. On the representative acidic carrier of HZSM-5, Pt mainly exists in the form of metal. This causes the supported platinum catalyst to have very low activity at low temperatures before the reduction treatment. At this time, the acidity of HZSM-5 will also influence the reduction of NOx adsorption on the catalyst surface. Yu et al. [94] explored the catalytic performances of platinum catalysts supported on ZSM-5, ZSM-35, and Beta for the selective catalytic reduction of NO by hydrogen. 1%Pt/ZSM-35 reaches the best activity with a maximum NO conversion of 80.8% and N2 selectivity of 68.5% at 120 °C with GHSV = 80,000/h space velocity. NH4+ is found to be the key intermediate in H2-SCR. As Pt loading exceeds 1.0 wt.% catalyst, an activity declines, because a loss of strong acid sites is observed. Later, they [95] doped Cr on Pt/ZSM-35 and tested its performance in H2-SCR process, and they got an attractive increase of NO conversion from 80.5% to 94.7% at 120 °C on Pt–Cr/ZSM-35 catalyst. Challagulla et al. [90] produced a Pt/ZIF-8 catalyst with a perfect body-centered cubic structure. As shown in Figure 6, FE-SEM and HR-TEM images show that metal platinum nanoparticles are synthesized with high surface area porous ZIF-8 and original ZIF-8. Compared with platinum/zeolite Y, it has super high dispersibility; it not only significantly increases the adsorption capacity of nitric oxide, but also effectively increases the conversion rate of nitric oxide at very low temperatures.



Hydrogen was subjected to NO removal experiments on a Pt-W/HZSM-5 catalyst, and the NOx conversion rate reached a maximum at 110 °C. The characterization results showed that although both W and Pt tend to be dispersed on the support by occupying the Brønsted acid sites. However, when they coexist in the catalyst, the two synergistically occur preferentially. The synergistic effect of W and Pt not only facilitates the Pt to exhibit a metallic state in the catalyst, but also increases the dissociation speed of NO and H2 on Pt while inhibiting the formation of nitrate [89]. Zhang et al. [91] prepared Pt/HY catalyst by impregnation method, and the loading amounts of Pt were 0.1, 0.2, 0.5, and 1.0 wt.%. The test results showed that the NOx conversion rate is the highest at 130 °C on a 0.5 wt.% Pt/HY catalyst with an oxygen concentration of 10%. Characterization revealed that the reaction of adsorbed H to reduce nitrite species happened at the junction of the Pt surface and the Pt carrier. In the Pt/H-FER catalyst, the temperature conditions required for NOx reduction and NO oxidation are reversed [96]. Xu et al. [92] synthesized aluminate spinel catalysts by sol–gel spontaneous ignition method. The test results showed that the Pd substituted aluminate spinel catalyst has excellent NO removal performance. Under the same reaction conditions, its activity is significantly better than the pure aluminate spinel catalyst. The incorporation of Pd into the aluminate spinel oxide significantly increases its catalytic activity and expands the active temperature window. Furthermore, the pure aluminate spinel catalyst and the palladium-doped aluminate spinel catalyst follow the same sequence of activity, indicating that the divalent metal is the key to design and improve the activity of the spinel catalyst.



Regarding the metal oxide catalyst, the nature and type of the oxide have a great influence on the reactivity of the catalyst. In Pt/MnOx and Pt/SiO2 catalysts, MnOx and Pt/SiO2 are inactive in low temperature NO removal by H2 tests, but Pt/MnOx exhibits high catalytic activity [88]. Simultaneous loading of precious metals and non-noble metal elements on the catalyst may result in synergy between them. This method can reduce the experimental cost by adding a non-precious metal element to reduce the amount of precious metal added, while the catalytic activity remains substantially unchanged. Among the Ni10/Al2O3, Ni10/Pd0.5/Al2O3, and Ni10Rh0.5/Al2O3 catalysts, the most effective catalyst is Ni-Pd/Al2O3. Characterization results have revealed that the reduction of NiO in the catalyst precursor and the dispersion of the metal on the catalyst surface can be promoted with a small amount of Pd or Rh [97]. Zhou et al. [98] solved the problem of the narrow H2-SCR reaction temperature window by adding Pd to Mn/Ti and Au/Ti. PdAu catalyst has good catalytic activity at 150–400 °C. PdMn also widens the reaction temperature window and has better catalytic activity than single metal catalyst.



The preparation of the catalyst by the inkjet printing process is a novel catalyst preparation method, and the design of the catalyst can be realized by printing. Chatziiona et al. [99] used the inkjet printing process to prepare Pt/Al2O3 catalyst. The catalyst prepared by this method has excellent catalytic performance in a very low temperature range. This may be due to the formation of a unique catalyst surface structure during the printing process, which facilitates the formation of different NOx active intermediates. The characterization results showed that the printed Pt/Al2O3 catalyst has a relatively uniform nano-spherical structure. Duan et al. [100] prepared new Pd-Au/TiO2, Pd/TiO2, and Au/TiO2 catalysts by equal volume impregnation method. The test results showed that the Pd-Au/TiO2 catalyst exhibits higher catalytic activity in a wide temperature window than the other two catalysts. The synergy between Pd and Au contributes to the formation of PdO and Pd–Au alloys, thereby promoting the progress of the NOx reduction reaction. Hu et al. [101] added nickel to Pd/TiO2 catalyst and found that it had good catalytic activity in the presence of O2. The experimental results showed that the addition of nickel increases the reaction distance and reaction rate of hydrogen, and the addition of nickel in Pd/TiO2 can generate more active single tooth ligand nitrate and enhance the activity of double tooth ligand nitrate. Zhang et al. [102] studied the performance of mixed metal oxides derived from binary layered double hydroxide as platinum-based catalyst carrier. They found that 0.1Pt/M3Al1Ox catalyst appears with high catalytic activity at low temperature (200–220 °C), and the NO removal rate could reach more than 90%. It was also found that 0.1Pt/Mg3Al1Ox manifest the highest catalytic activity, while 0.1 Pt/Ni3Al1Ox has a high N2 selectivity.



Perovskite-type composite oxide (ABO3) has good redox properties, good thermal stability, and low cost. It can be used for the reaction of NO removal, which is a promising catalyst. In a series of LaNi1-xFexO3 (x = 0, 0.2, 0.4, 0.7, and 1.0) catalysts, the NO removal activity test found that the activity of the undoped LaNiO3 catalyst is poor, while the activity of LaNi0.6Fe0.4O3 catalyst is the highest. At each test temperature, LaFeO3 has a higher NOx conversion than LaNiO3. Therefore, the Fe species promotes the catalytic performance of the catalyst. Characterization found that proper addition of iron can enhance the thermal stability and surface area of the catalyst [103]. Furfori et al. [93] prepared a series of perovskite catalysts (LaFeO3, La0.8Sr0.2FeO, Pd/La0.8Sr0.2FeO, La0.8Sr0.2Fe0.9Pd0.1O3, La0.7Sr0.2Ce0.1FeO3, Pd/La0.7Sr0.2Ce0.1FeO, La0.7Sr0.2-Ce0.1Fe0.9Pd0.1O3) by combustion synthesis process. It was found that the La0.8Sr0.2Fe0.9Pd0.1O3 perovskite oxide was observed to have the highest catalytic activity.




4.2. New Carrier


Due to excellent thermal stability and/or easy to dope other components, some new carriers have attracted much attention, which include MOFs [104], cobalt-doped nanoporous nickel phosphate VSB-5 [105], SBA-15 and MCM-41 [106,107], sulfasalazine (SSZ) [108], and carbon paper [109], etc. In addition, the traditional metal oxide carriers could be combined to form a new carrier, which has better catalytic performance compared to its parent carrier [110,111,112,113,114], if a right synthesis recipe is used.



MOFs are stable materials with organic and inorganic pores and has a high surface area. Aluminum-based MOFs exhibit excellent thermal stability due to the unique octahedron and strong Al-O bonds in the center of the aluminum. Xue et al. [104] prepared Ptx/MIL-96 catalysts with different Pt contents (x = 0.03, 0.11, 0.27, and 0.41) by hydrothermal method. Among them, the highest activity is Pt5/MIL-96/CP, and the NO removal rate can reach 100% at 60 °C. The characterization results showed that the high NO removal rate is attributed to the uniform deposition of Pt particles in MIL-96 and the synergy between Pt particles and MIL-96. At the same time, the high surface area and porosity of the MIL-96 carrier make it easier for H2 and NO to reach the Pt site, which is essential for the removal of NO. Cobalt-doped nanoporous nickel phosphate VSB-5 is a recently developed catalyst [105]. The Co/VSB-5 catalyst has better activity than the undoped Ni/VSB-5 catalyst. This is because the surface of Co/VSB-5 can adsorb a large amount of NO. The activity of the Co/VSB-5 catalyst is closely related to the cobalt loading, and the Co20/VSB-5 catalyst has the highest catalytic efficiency.



Both SBA-15 and MCM-41 are ordered mesoporous molecular sieves with uniform pore size, large specific surface area, and stable framework structure. They are easy to dope other components, and they also have better hydrothermal stability than other molecular sieves. In the experiments of two high-activity Pd-based catalysts (Pd/V2O5/TiO2/SBA-15 and Pd/V2-O5-/TiO2/MCM-41), the reduction of NO is catalyzed by H2, although the surface area of the SBA-15 supported catalyst is small. However, it showed a higher NO conversion rate in the catalyst performance test [106]. Yin et al. [107] prepared Pd/V2O5/TiO2/SBA-15 and Pd/V2O5/TiO2/MCM-41 catalysts, both of which showed good NO removal activity. Ryou et al. [108] chose sulfasalazine (SSZ) as the carrier to prepare Pd/SSZ-13 catalysts with different palladium contents by initial impregnation method, wet impregnation, ion exchange method, and solid ion exchange method. Among these four methods, ion exchange of Pd in SSZ-13 is very difficult to conduct. The Pd/SSZ-13 catalyst was subjected to hydrothermal aging treatment (HTA), and it was found that the NO adsorption capacity of the catalyst was enhanced. Through the NO adsorption–desorption results, the authors confirmed that HTA treatment is a key process for the catalyst to produce low temperature adsorption activity.



Cao et al. [109] prepared a new ultrafine Pt/Beta catalyst with carbon paper as the carrier. The experimental results showed that 0.8 wt.% Pt/Beta catalyst could achieve nearly 100% NOx conversion under the oxygen-rich condition at 90 °C. The dispersion and particle size of Pt were adjusted by using polyvinyl pyrrolidone (PVP) as dispersant. The results showed that when the amount of Pt is less than 50 mg, the particle size of Pt is smaller, the dispersion is larger, and the NO removal is higher. However, when the amount of Pt is more than 50 mg, the NO removal does not increase, and the activity decreases slightly.



The traditional carrier can be combined to form a new carrier, and better catalytic performance can be obtained. Among the W-CeO2-ZrO2 catalysts with different carrier contents, one is 85 wt.% CeO2, 15 wt.% ZrO2, which is labeled as W-ZrCe; the other is 17 wt.% CeO2, 83 wt.% ZrO2, which is recorded as W-CeZr. The NOx conversion rate occurs most at the W-ZrCe catalyst at 300 °C. Under the same reaction conditions, the NOx conversion of the W-ZrCe catalyst is higher than that of W-CeZr [110]. A series of Pt/CexZr1-xO2-δ (x = 0.4–0.6) catalysts were synthesized by Kalamaras [111], and the catalysts showed significant differences in NO conversion. Adding an auxiliary agent can effectively increase the activity of the catalyst. In the Pt/TiO2 and Pt-WO3/TiO2 catalysts, the addition of WO3 significantly enhances the low temperature activity of the Pt/TiO2 catalyst. This is due to the synergistic effect between Pt and WO3, which not only makes the adsorbed NOx species unstable, but also promotes the overflow of activated H [112]. Olympiou et al. [115] prepared the novel Pt nanocatalyst supported on MgO-CeO2. The new catalyzer has a superior performance on NO removal by H2 with 90% conversion of NO and 80% N2 selectivity in the low-temperature range of 120–180 °C for a wide range of O2, H2, and CO2 feed concentrations. In the meantime, this catalytic system had been tested under industrial process conditions of NOx control and showed remarkable performance. Patel et al. [113] prepared a series of mixed metal oxide catalysts by co-precipitation followed by impregnation of palladium metal. The catalysts are denoted as Pd/MgO-CeO2, Pd/ZrO2-CeO2, Pd/Al2O3-CeO2, and Pd/TiO2-CeO2; the characterization results (Figure 7) show that only the addition of magnesium oxide and zirconium oxide improves the dispersibility of crystalline nanoparticles. Compared with the two noble metal catalysts, the NOx conversion rate of Zn/ZSM-5 catalyst reached the highest value at 250 °C in the catalysts Zn/ZSM-5, Pd-Zn/ZSM-5, and Pd-Ru-W/(ZrO2-SiO2)SO4. The TPD results indicated that the activity of Zn/ZSM is attributed to the presence of Zn2+ ions in the backbone [114].




4.3. Reaction Mechanism


In the process of investigating, the mechanism of NO removal by H2, most of the researchers used infrared spectroscopy, ultraviolet spectroscopy, mass spectrometry, and steady-state isotope transient kinetic analysis to characterize the intermediates produced during the reaction. In this paper, two representative catalysts, Co/VSB-15 and Pd(111), are selected to discuss the reaction mechanism of NO removal by H2 process as shown in Figure 8. It is generally believed that the principle of NOx reduction by H2 is closely related to the nature of the catalyst itself. The reaction mechanism of different catalysts may be completely different. However, even for a particular catalyst, the mechanism of NO removal by H2 is still affected by many factors such as reaction conditions and preparation methods.



Figure 8a describes a general process of NO removal by H2 over Co-VSB-15 catalyst [105]. Gaseous NO is adsorbed on the surface of the catalyst, the active components NO(ad) and H(ad) can react with each other, and NO(ad)+H(ad)⇌N-OH(ad)⇌N(ad)+OH(ad) can occur continuously. The more active N(ad) components generated will react with each other and form N2. On the other hand, NO(ad) may react with NO to form N2O. In addition, some of the formed N2O may also adsorb on the catalyst surface. The adsorbed N2O(ad) can continuously react with the active H(ad) to form N2 and H2O.



Figure 8b describes a simplified process of NO removal by H2 over Pd(111) catalyst [18]. The dissociation of H2 to atomic H is highly disfavored on clean Pd(111) surface due to high-energy barrier and endothermicity. Once H2 is adsorbed on surface, the surface is covered with H atoms. When NO and H are co-adsorbed on the surface, there are five pathways possibly occurring for NO dissociation, as shown in Figure 8b. The presence of H atom facilitates the N–O bond scission via two abstraction reaction pathways, NO(ad)+H(ad)→NH(ad)+O(ad) and NO(ad)+H(ad)→N(ad)+OH(ad), because of lower energy barriers of 1.68 and 1.58 eV, which are much lower than that of NO direct dissociation on its clean surface. The formation path of N2 is NO(ad)+N(ad)→N2+O(ad) instead of N(ad)+N(ad)→N2. At the same time, the reaction product is mainly N2O at low temperature. With the increase of temperature, N2 gradually becomes the main reaction product. In the meanwhile, an increased H2 pressure favors the formations of NH3 and H2O. Thus, it is feasible to achieve high reduction reactivity of NO by H2 and selectivity of N2 over the Pd catalysts by controlling the reaction temperature and H2 pressure.
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Table 3. Catalysts for catalytic reduction of NOx by H2 under different conditions.
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	Catalyst
	Maximum Conversion Temperature/°C
	NO Conversion Rate/%
	Reducing Agent
	O2/%
	N2 Selectivity/%
	Active Temperature Window/°C
	GHSV/h−1
	References





	1%Pt/ZSM-35
	120
	80
	5000 ppm H2
	6.7
	72
	75–150, 300–400
	80,000
	[94]



	1%Pt/Beta
	120
	58
	5000 ppm H2
	6.7
	45
	75–150, 300–400
	80,000
	[94]



	0.5%Pt/H-FER
	110
	90
	5000 ppm H2
	10
	5
	75–150
	36,000
	[96]



	0.1 Pt/MgO–CeO2
	140
	99
	0.8% H2
	2
	94
	120–180
	33,000
	[115]



	0.1 Pt/MgO–CeO2
	155
	94
	0.2% H2
	2
	68
	140–180
	33,000
	[115]



	0.1 Pt/MgO–CeO2
	155
	97
	0.4% H2
	2
	82
	120–180
	33,000
	[115]



	Pt5MIL-96/CP
	60
	100
	2% H2
	2
	
	60–90
	
	[104]



	Pt1.5MIL-96/CP
	90
	75
	2% H2
	2
	
	70–90
	
	[104]



	Pt3MIL-96/CP
	80
	100
	2% H2
	2
	
	60–90
	
	[104]



	0.5%Pt–1%Cr/ZSM-35
	120
	95
	0.5% H2
	6.7
	66
	100–180
	80,000
	[95]



	0.5%Pt–2%Cr/ZSM-35
	140
	88
	0.5% H2
	6.7
	72
	120–180
	80,000
	[95]












5. Summary and Outlook


To enhance quality of the living environment, the nitrogen oxides in the atmosphere need to be removed. At present, the SCR widely used in coal-fired power plants has obvious disadvantages. It is necessary to find other reducing agents to replace ammonia. CO, CH4, and H2 are the research hotspots in the field of catalysis, and also quite challenging research directions.



In the technology of NO removal by CO and CH4, the catalysts are classified into two types: noble metal catalysts and non-precious metal catalysts. The former often has a high NO removal activity, but it has a disadvantage of poor hydrothermal stability at low temperatures. The latter is commonly cheaper, but the efficiency of NO removal is generally not high. The overall performance of non-precious metal catalysts can be improved by the addition of other metal elements or the use of novel supports. In the technology of NO removal by H2, the NO removal performance of the noble metal catalyst is mainly discussed from the traditional carrier and the new carrier. The present study discusses the activity enhancement methods of traditional supported catalysts such as molecular sieves, alumina, and zirconia, as well as the performance of new supported catalysts such as VSB-5, MOFs, and MCM-41. Recent research mainly focuses on the catalysts modification by loading different metal elements, doping active components, and changing preparation methods. Some progresses have been made in reducing the reaction temperature and improving the catalytic activity.



Regarding the catalytic reduction reaction of NO, it is generally believed that there are two models: one is the dissociative adsorption of NO, and the other is the reducing agent to reduce the adsorbed NO. In CO-SCR process, the key steps are the adsorption of NOx and the decomposition of NO. In CH4-SCR process, the activation of the C-H bond in CH4 serves as a rate determining step of the reaction of NO removal. In the experiment of NO removal by CH4, NOx produced many nitrite, nitrate, and nitrosyl species on the noble metal active sites on the catalyst surface. In the H2-SCR process, the activation of the H–H bonds in H2 serves as a rate determining step of the reaction of NO removal by H2. There are no solid conclusions about the types of three NO removal reactive intermediates. An in-depth study of the NO removal mechanism can lay a solid theoretical foundation for the improvement of the catalyst.



Many problems exist in the practical application of the technology of NO removal by CO and CH4. The technology of NO removal by CO has low activity under oxygen-rich conditions, and it is necessary to develop a new catalyst to adapt to the oxygen atmosphere. The activation of CH4 is difficult, and NO removal conditions are harsh (reaction temperature >350 °C). The catalysts hardly adapt to those harsh working conditions, and further broadening of the reaction is required. Operating the temperature window to increase its low temperature activity to promote the activation of CH4, the reaction window of NO removal by H2 is narrow; the combustion reaction of H2 and O2 at low temperature will reduce its ability to reduce NO. The existing catalysts are generally noble metal catalysts having high prices. In the industry, the treatment environment of nitrogen oxides is relatively harsh, and higher requirements are placed on the comprehensive performance of the catalyst.



Improvement of the catalyst for the above problems is the key to solving the industrial application of the catalyst. However, the improvement of the traditional catalyst has not made breakthrough progress. Referring to the catalyst preparation method of different reaction systems, the catalyst is required to be designed according to the mechanism of NO removal. The new carrier is used in the catalyst preparation process, which will have guiding significance for catalyst improvement. In the future, not only should the optimization of catalysts be strengthened to improve the performance of existing catalysts, but also new catalytic systems should be vigorously developed.
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Figure 1. A schematic process of NH3-SCR of NOx. 
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Figure 2. Microscopic structure of OMS-2, MOFs, and ZIF [48,49,50]. 
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Figure 3. Schematic illustration of possible NO+CO reaction mechanism over (a) Ni/CeO2, (b) AOx/CuOy/MOF (A = Fe, Ni, Co, Mn), and (c) Cr-Cu/CeO2 catalysts. 
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Figure 4. Structure of cobalt ion in zeolite: (a) Co-CHA-6.0-0.39/Co-CHA-10-0.46/Co-CHA-16-0.47 (b) Co-CHA-2.4-0.40. Color code: Si and O, grey; Co, blue. [81]. 
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Figure 5. Schematic illustration of possible NO+CH4 reaction mechanism over (a) Co/H-ZSM, (b) In/WO3/ZrO2, and (c) In/H-BEA catalysts. 
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Figure 6. FE-SEM images of (a) ZIF-8 and (b) 1% Pt/ZIF-8, HR-TEM images of (c) 1% Pt/ZIF-8 with 50 nm scale and (d) 1% Pt/ZIF-8 with 100 nm scale [90]. 
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Figure 7. TEM micrograph of all the catalysts: (a) Pd/CeO2, (b) Pd/MgO-CeO2, (c) Pd/Al2O3-CeO2, (d) Pd/ZrO2-CeO2, (e) Pd/TiO2-CeO2 [113]. 
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Figure 8. Possible mechanism of H2+NO reaction over (a) Co/VSB-15 and (b) Pd(111) catalysts. 
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