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Abstract

:

H3PW12O40-modified MnOx catalysts (denoted as Mn-HPW) were used for NOx elimination with co-fed NH3. The optimal Mn-HPW0.02 catalyst exhibited over 90% NOx conversion at 90–270 °C. The incorporation of HPW increased the amount of Lewis acid sites of the catalyst for adsorbing NH3, and accelerated the reaction between the adsorbed NH3 species and gas-phase NOx, thus, increasing the low-temperature catalytic activity. The oxidation ability of the Mn catalyst was decreased due to the addition of HPW, thus, mitigating the overoxidation of the adsorbed NH3 species and improving the de-NOx activity and N2 selectivity in the high-temperature region. DRIFT results revealed that the NH3 species on Lewis and Brønsted acid sites, bridged nitrate, and bidentate nitrate were important species/intermediates for the reaction. NH3-SCR over the Mn and Mn-HPW0.02 catalysts obeyed the Eley–Rideal and Langmuir–Hinshelwood mechanisms, simultaneously, at 120 °C.
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1. Introduction


Nitrogen oxides (NOx) contribute to environmental problems, including photochemical smog and acid rain. Moreover, NOx facilitates the formation of secondary aerosols and fine particulate matters [1]. Hence, it is important to use efficient technology to eliminate NOx. Among various de-NOx technologies, selective catalytic reduction of NOx using NH3 (NH3-SCR) has been employed extensively, and its decisive factor is the performance of catalysts [2,3,4,5].



Mn-based catalysts have been researched extensively for NH3-SCR [6,7,8,9]. However, MnOx usually has low surface areas and can achieve high NOx conversion only in narrow temperature windows [5,10]. In order to improve the catalytic efficiency, MnOx can be deposited onto TiO2 [11,12,13], Al2O3 [14,15,16], carbon [17,18,19], and zeolites [20,21,22] that can enhance the dispersion of MnOx and lead to synergistic effects between MnOx and the supports. Additionally, the SCR activity of MnOx is promoted by modification with metal oxides, such as CeOx [23,24,25,26], FeOx [27,28,29], CoOx [9,30,31], NiOx [32,33,34], and WOx [35,36]. For instance, Xu et al. [35] loaded MnOx-CeO2 onto WO3-ZrO2, and the optimal catalyst exhibited above 80% NO conversion at 150–380 °C. The de-NOx activity, N2 selectivity, and SO2 tolerance on MnFe/Ti can be enhanced by doping W [36]. The generation of Mn-O-W and Fe-O-W bonds facilitates the transport of electrons and oxygen, thus, accelerating the SCR reaction. Liu et al. [37] prepared ternary (Mn-Ce-Ti) and binary (Mn-Ti and Ce-Ti) catalysts using a hydrothermal method. The results of de-NOx activity evaluation illustrate that Mn-Ce-Ti exhibits excellent NH3-SCR activity and a strong resistance against H2O and SO2, which is mainly attributed to the dual redox cycle (Mn4+ + Ce3+ ↔ Mn3+ + Ce4+, Mn4+ + Ti3+ ↔ Mn3+ + Ti4+) and the amorphous structure. Additionally, metal–organic frameworks (MOFs)-derived metal oxides possess high porosity and large specific surface areas, profiting from the introduction and dispersion of Bronsted acid sites, thus, enhancing the SCR activity of the Mn-based catalysts [30,38,39,40].



Tungstophosphoric acid (H3PW12O40, HPW) is composed of bridging metal atoms and oxygen atoms, and exhibits good redox properties, strong acidity, and good thermal stability, which is favorable for the SCR reaction. Thus, HPW-modified SCR catalysts such as HPW/Fe2O3 [41,42,43,44], HPW/CeO2 [45,46,47], HPW-Cu-Ti [48], HPW-Fe-Ti [48], HPW-V2O5/TiO2 [49], and HPW-Mn-Ce-Co [50] have been developed. For instance, Wu et al. [44] prepared HPW/Fe2O3 by impregnation, and they found that 100% NO conversion at 240–460 °C can be attained on HPW/Fe2O3-350-0.5. The introduction of HPW enriches the number of acid sites, thus, enhancing NH3 adsorption. Meanwhile, the oxidation ability of Fe2O3 is decreased by adding HPW, thereby inhibiting the overoxidation of NH3. Geng et al. [46] developed HPW/CeO2, and they reported that HPW could allow for NH3 adsorption, while CeO2 could activate the adsorbed NH3 and NO species. Thus, superior catalytic activity was obtained on HPW/CeO2. Tang et al. [50] discovered that adsorption and activation of NH3 were boosted with the introduction of HPW to Mn-Ce-Co-O, and HPW can weaken the influence of SO2 on active bidentate nitrate, and restrain the formation of metal sulfate, thereby achieving good SO2 resistance of the catalyst. However, to the best of our knowledge, HPW-modified MnOx for NH3-SCR was not reported.



Herein, Mn-HPW composite catalysts were prepared and the effects of adding HPW to the catalytic performance were evaluated. Furthermore, the correlation between SCR performance and physicochemical properties was researched in detail. The evolution process of NH3- and NOx-derived species over the Mn and Mn-HPW0.02 catalysts was monitored at 60–300 °C using DRIFT, and the possible reaction mechanisms at 120 °C were revealed.




2. Results and Discussion


2.1. Textural and Structural Properties


2.1.1. XRD


XRD patterns of the Mn and Mn-HPWx samples are given in Figure 1. The Mn catalyst shows MnO2 (PDF # 44-0141), Mn5O8 phases (PDF # 39-1218), and Mn2O3 (PDF # 41-1442) [51,52,53], corresponding to the standard pattern in Figure S1. As shown in Figure S2, HPW calcinated at 400 °C shows the peaks of H3PW12O40·6H2O (PDF # 50-0304), coinciding with the phenomenon reported by Geng et al. [46] and Wu et al. [44]. For all Mn-HPWx catalysts, the peak intensities of Mn2O3 and Mn5O8 decline gradually with the increase of x, and the characteristic peak of HPW is not detected due to the lower content [47]. However, as the x is higher than 0.01, weak peaks of the WO3 species (PDF # 41-1315) and the MnWO4 phase (PDF # 13-0434) are detected, due to the partial decomposition of HPW during calcination [54,55]. Characteristic peaks of Mn-HPW0.02, calcinated at different temperatures, are shown in Figure S3, and the phases of MnWO4 and WO3 are distinct in Mn-HPW0.02 calcinated at 650 °C.




2.1.2. FTIR


FTIR spectra of HPW calcinated at different temperatures are shown in Figure 2. The evident bands of Keggin anion vibration appear at 1080, 980, 890, and 795 cm−1 on HPW before calcination and HPW calcinated at 400 °C (Figure 2 in (a,b), and these bands can be ascribed to P-Oa (1080 cm−1) in the central tetrahedra PO4, W=Od (980 cm−1) in terminal oxygens linked to a lone tungsten atom, W-Ob-W (890 cm−1) connecting two different W3O13 groups, and the W-Oc-W (795 cm−1) vibrations of the same W3O13 groups, respectively [54,55]. However, the bands of W=Od, W-Ob-W, and W-Oc-W are not detected in HPW calcinated 650 °C (Figure 2 in (c), due to the destruction of the HPW structure. For Mn-HPW0.02 before calcination, Mn-HPW0.02 calcinated at 200 °C, and Mn-HPW0.02 calcined at 400 °C (Figure 2 in (d–f), the characteristic bands of PO4, W=Od, and W-Ob-W are evident, although the positions migrate to lower wavenumbers. Especially, the bands of W-Oc-W are invisible. These phenomena reveal that the structure of HPW is influenced, to some extent, during the preparation. Mn-HPW0.02 calcinated at 650 °C shows no obvious bands of HPW, indicating the decomposition of HPW at 650 °C (Figure 2 in (g).




2.1.3. N2 Adsorption-Desorption


The textural properties of Mn, Mn-HPWx, and HPW are summarized in Table 1. The specific BET surface areas (SBET) of HPW and the Mn catalyst are 1.6 and 33.7 m2/g, respectively. The SBET of Mn-HPWx increases with x, reaching a maximum (69.1 m2/g) at x = 0.02, and then decreases when the x increases further. The value of the total pore volume increases only by 0.03–0.04 cm3/g as x is less than 0.02, while the total pore volume (0.14 cm3/g) is equal to the value of the Mn catalyst when x = 0.02–0.04. These data reveal that the influence of introducing HPW on the total pore volume over the Mn catalyst is negligible. For the average pore diameter over various samples, with the increase in the HPW content, the value first decreases and then increases after reaching the minimum on Mn-HPW0.02, which is the opposite trend of the value of SBET. N2 adsorption/desorption isotherms are shown in Figure S4. All the catalysts exhibit a representative IV-type isotherm, accompanied by an obvious H3-type hysteretic loop. The adsorption curve presents an upward tendency as the p/p0 is higher than 0.6, revealing the existence of mesopores in all investigated catalysts. The ascending trend of the curves is obvious with p/p0 higher than 0.8, meaning the presence of the macropores [56,57]. In the p/p0 range of 0.6–0.8, the N2 adsorption capacities on Mn-HPWx (x = 0.005–0.02) are larger than those on Mn, and the hysteretic loop is clearer, suggesting that the formation of more mesopores is facilitated by adding HPW, thus, increasing the values of SBET and decreasing the average pore diameter. As the amount of HPW is higher than 0.02, the N2 adsorption capacities with the p/p0 higher than 0.8 are enhanced, demonstrating the formation of more macropores, thus, enlarging the average pore diameter.




2.1.4. Morphology Structure


The SEM images of HPW, Mn, and Mn-HPW are exhibited in Figure 3. HPW presents a large bulk (Figure 3e), thus, leading to the small value of SBET (coinciding with the results of Table 1). The rough, irregular, and agglomerated spherical particles can be observed on Mn (Figure 3b) and Mn-HPW0.02 (Figure 3c). Additionally, for Mn-HPW0.02, the combination of HPW and Mn(NO3)2 can restrain the thermal growth of MnOx and HPW during the calcination process, inducing the lower crystallinity of MnOx and HPW (evidenced by the results of XRD), the smaller particles in Figure 3c, and the larger value of SBET. The EDX elemental mapping of the Mn catalyst in Figure S5a–c displays that the Mn and O elements distribute well. The same situation is also obtained on Mn-HPW0.02, in which W and P atoms are well dispersed (Figure S5d–h). TEM images of HPW, Mn, and Mn-HPW0.02 are shown in Figure 4. The clear lattice fringes (d = 0.35 nm) of HPW can be observed on the HPW catalyst (Figure 4b). The lattice fringes of Mn2O3 and Mn5O8 are shown on the Mn catalyst (Figure 4d). For Mn-HPW0.02 in Figure 4f,h, the lattice fringes of WO3 and MnWO4 are detected, and these are in accordance with the results of XRD.





2.2. Catalytic Performance


Initially, the effect of phosphomolybdic acid (HPMo), tungstosilicic acid (HSiW), and silicomolybdic acid (HSiMo), on the catalytic performance of the Mn catalyst for the NH3-SCR reaction was evaluated at 60–300 °C (Figure S6), and the molar ratio of Mn to heteropoly acid was set as 1 to 0.02. Among all investigated catalysts, Mn-HPW exhibits the broadest temperature window with 90–270 °C (>90% NOx conversion). Therefore, the Mn-HPW catalyst is chosen for further investigation in this study.



Figure 5 shows the de-NOx activities of Mn-HPWx catalysts with a variety of molar ratios of HPW to Mn. HPW exhibits ~15% de-NOx activity at 60–300 °C in Figure 5a. Mn shows higher activity at 60–300 °C, and 98% NOx can be converted at 150 °C. The SCR activities on Mn-HPWx catalysts are improved. For instance, at 60–180 °C (Figure 5b), the NOx conversion enhances monotonously as the HPW/Mn molar ratio increases from 0.005 to 0.02 and then drops as the HPW/Mn molar ratio increases further. The maximum SCR activity can be obtained on Mn-HPW0.02, in which case 96% NOx conversion can be achieved at 90–180 °C. At 180–300 °C (Figure 5a), the activities on Mn-HPWx are much higher than those on Mn, and the amount of doping HPW has a negligible effect on NOx conversion. Based on the above results, Mn-HPW0.02 exhibits optimal de-NOx activities. Additionally, Mn-HPW0.02 exhibits higher N2 selectivity (Figure S7) and better SO2 resistance (Figure S8).



The de-NOx activity over the Mn catalyst can be enhanced by the modification with metal oxides, such as NbOx [58], CoOx [30], SmOx [53], FeOx [28], EuOx [59], CuOx [60], NiOx [61], and CeOx [62,63]. Table S1 lists some representative Mn-based catalysts for NH3-SCR. For instance, more than 90% NOx can be converted at 125–350 °C on MnxCo3-xO4 nanocages under relatively milder conditions (0.40 g catalyst, (NO) = 500 ppm, flow rate = 210 mL/min) [30]. Above 90% NOx at 125–225 °C can be achieved on (Cu1.0Mn2.0)1-δO4 under conditions (0.15 g catalyst, (NO) = 500 ppm, flow rate = 200 mL/min) [60] similar to the conditions in our work. For comparison, Mn-HPW0.02 in our work showed > 90% NOx conversion at 90–270 °C (0.15 g catalyst, (NO) = 500 ppm, flow rate = 200 mL/min). Hence, this catalyst was selected for further research.




2.3. NO and NH3 Oxidation


The oxidation of NO to NO2 is considered to be an essential reaction in the fast SCR reaction (2NH3 + NO + NO2 → 2N2 + 3H2O). Thereby, catalytic NO oxidation over the Mn and Mn-HPW0.02 catalysts was performed (Figure 6a). The Mn catalyst presents a relatively high conversion of NO to NO2 at 60–300 °C, while NO oxidation can be suppressed on Mn-HPW0.02, illustrating the oxidation capacity is impaired on the Mn catalyst by doping HPW. Although the conversion for NO oxidation on Mn-HPW0.02 is lower than that on Mn, the NOx conversion on Mn-HPW0.02 is much higher than that on Mn at low temperatures (Figure 5a), demonstrating that the improvement of the de-NOx activity is not closely connected with fast SCR reaction over Mn-HPW0.02 in the low-temperature region, and similar situations associated with Mn-Nb [58] and Co-Ce-Mn-Ti catalysts [64] were also reported.



The decrease in NH3-SCR activities at high temperatures has to do with the oxidation of NH3. Thus, catalytic NH3 oxidation on Mn and Mn-HPW0.02 at 60–300 °C was studied (Figure 6b). NH3 oxidation can be ignored below 150 °C, and no by-products, such as N2O, NO, and NO2, can be detected in Figure S7. As the temperature is more than 150 °C, NH3 conversion on both catalysts increases rapidly and reaches ~98% at 210 °C (Figure 6b). The yield of the by-products on Mn-HPW0.02 is much less than those on Mn at 180–270 °C in Figure S9. Obviously, the introduction of HPW can undermine the unselective oxidation of NH3, promoting the conversion of NH3 to N2 (4NH3 + 3O2 → 2N2 + 6H2O), and improving the N2 selectivity.




2.4. H2-TPR


The H2-TPR data of the Mn, Mn-HPWx, and HPW catalysts are shown in Figure 7. For HPW calcinated at 400 °C, no significant reduction peak of the tungsten species can be observed at 100–650 °C, because the decomposition temperature of HPW to WO3 is 597 °C and the reduction temperature of WO3 species is 828 °C [43,46]. The Mn catalyst shows two major reduction peaks at 150–360 °C (peak I) and 360–550 °C (peak II). Peak I is linked to the reduction of MnO2 to Mn2O3, whereas peak II is involved in the reduction of Mn2O3 to Mn3O4 and Mn3O4 to MnO [25,50,65,66]. The reduction behavior changes, evidently, with the introduction of HPW as shown in Table S2. As the doping amount of HPW is increased, the areas of two reduction peaks decrease (Table S2). Meanwhile, the reduction temperature of the peak II peak shifts towards the higher temperature due to the suppression of electronic transmission between gaseous H2 and MnOx after adding HPW, and Geng et al. reported a similar situation [43]. It can be concluded that the addition of HPW weakens the reducibility of the MnOx, consistent with the results of NO oxidation (Figure 4a) and NH3 oxidation (Figure 4b). The moderate reducibility can suppress NH3 unselective catalytic oxidization, thus, enhancing the conversion of NOx and lessening the formation of by-product N2O for NH3-SCR [44,50,58]. In this case, Mn-HPW0.02 with moderate reducibility shows the optimal conversion of NOx and the higher N2 selectivity in SCR.




2.5. XPS


XPS spectra of Mn 2p, W 4f, P 2p, and O 1s on Mn and Mn-HPWx are illustrated in Figure 8. In Figure 8a, the peaks of Mn 2p3/2 and Mn 2p1/2 are inspected at ~642.0 eV and ~654.0 eV, respectively, and the Mn 2p3/2 spectra are deconvoluted and fitted by Gaussian-Lorentz into three subpeaks, including Mn2+ (640.8 ± 0.1 eV), Mn3+ (642.0 ± 0.2 eV), and Mn4+ (643.5 ± 0.1 eV) [63,67,68]. The W 4f spectra on Mn-HPWx in Figure 8b can be divided into two W6+ peaks at 35.3 ± 0.1 eV (W 4f7/2) and 37.4 ± 0.1 eV (W 4f5/2), respectively [44,69,70]. A broad peak at 133.5 ± 0.1 eV is attributed to P5+ in the P 2p spectra (Figure 8c) [54,71]. The surface atomic concentration of Mn element over Mn-HPWx decreases with the increase in the content of HPW in Table 2, while the W and P concentrations enrich significantly. It is recognized that the Mn species with different valence states can influence the electron transfer and redox characteristics of the catalysts. For instance, Mn4+ and Mn3+ species are considered the active sites to adsorb and activate the reactants during NH3-SCR, and these species exhibit excellent redox properties, playing a vital role in the redox reaction (Mn3+ ↔ Mn4+ and Mn3+ ↔ Mn2+) [52,66]. The relative concentrations of Mn4+ and Mn3+ on Mn and Mn-HPWx are listed in Table 2 and they decline gradually with the increase in HPW content owing to the electron transfer between W6+ in HPW and Mn4+/Mn3+ [36,50]. Since the high valence Mn species tend to facilitate the deep dehydrogenation of the adsorbed NH3 species [50], the moderate decrease in the concentrations of Mn4+ species appropriately weakens the redox ability of MnOx after adding HPW (identical to the results of H2-TPR, Figure 7), and then alleviates the over-oxidation of NH3 (Figure 6b) and increases the N2 selectivity [72].



Figure 8d displays the O 1s spectra of Mn-HPWx. All curves involve two main peaks at 530.1 ± 0.3 eV (lattice oxygen (Oα) and 531.3 ± 0.2 eV (surface chemisorbed oxygen (Oβ)) [72,73,74]. The binding energy of Oα (529.8 eV) on the Mn catalyst moves to higher energy (530.4 eV) with the increase in the amount of HPW. This is related to the fact that HPW is composed of bridging metal atoms and oxygen atoms, and the lattice oxygen atoms in HPW are different from those in MnOx [50,54]. From Table 2, increasing the HPW amount allows the oxygen atomic concentrations to enhance, whereas the relative concentrations of Oβ with high mobility fluctuate slightly in the range of 17–18%, disclosing that the Oβ concentration is not a main factor of controlling the de-NOx activity.




2.6. NH3 Adsorption


NH3-TPD profiles of Mn and Mn-HPWx are shown in Figure S10. Two desorption stages can be observed for all catalysts at 100–250 °C and 300–500 °C, corresponding to the desorption of NH3 adsorbed on the weak acid sites and on the medium-strong acid sites, respectively [12,75]. After the Mn catalyst is doped with HPW, changes in the peak areas and the peak temperatures of NH3 desorption are not obvious, illustrating that the effect of doping HPW on the acid number and acid strength is not obvious.



DRIFT spectra were recorded to further investigate the intermediates formed by adsorbed NH3. The spectra of the NH3-derived species on the Mn and Mn-HPW0.02 catalysts were collected at 60–300 °C (Figure 9). A couple of adsorbed NH3 species form on the Mn surface after exposing NH3 for 60 min (Figure 9a). The bands at 1220, 1290, and 1600 cm−1 are attributed to the coordinated NH3 bonded to the Lewis acid sites (L acid sites) [30,63,76], and the bands at 1445 and 1680 cm−1 are assigned to the NH4+ species adsorbed at the Brønsted acid sites (B acid sites) [12,19,30,72,76]. The bands of 1220, 1290, and 1600 cm−1 on L acids sites and the bands of 1445 and 1680 cm−1 display higher intensities at the low temperature, whereas these band intensities decrease gradually with rising desorption temperature. The band at 1330 cm−1 appears at 300 °C, and it is ascribed to the partial oxidation/deformation of adsorbed ammonia species by the active surface oxygen species [15,27,74]. The bands at 1220, 1445, 1600, and 1680 cm−1 are also detected on Mn-HPW0.02 in Figure 9b, and the variation trends of band intensities are close to those on Mn from 60 to 300 °C. Especially, the ammonia over Mn-HPW0.02 is adsorbed on L acid sites (1220 cm−1), while the prevailing ammonia species over Mn is NH4+ on B acid sites (1445 cm−1), demonstrating that the introduction of HPW can promote the adsorption of more ammonia species on L acid sites. Moreover, no oxidation band (1330 cm−1) of the adsorption NH3 species can be detected at 300 °C. These phenomena illustrate that the oxidation ability of the Mn catalyst is weakened via adding an appropriate amount of HPW, thus protecting the adsorbed ammonia species from oxidation, in accordance with the results of the NH3 oxidation activities (Figure 6b). The results mean that more ammonia species participate in the reaction with NOx and increase the conversion of NOx.




2.7. NOx Adsorption


Figure 10 exhibits the NO-TPD curves of the Mn, Mn-HPW0.005, Mn-HPW0.02, and Mn-HPW0.04 catalysts. The NO desorption can be divided into two regions at 50–500 °C. The peak at 50–200 °C is ascribed to the desorption of physically absorbed NO and the decomposition of monodentate nitrite/nitrate species, while that at 200–500 °C is ascribed to the decomposition of bridged and bidentate nitrate species [77,78,79]. The amount of desorbed NO was calculated according to the NO-TPD curves. In contrast to the Mn catalyst (the desorption area of NO on Mn is set as 1.00), the peak areas of desorbed NO over Mn-HPWx increase evidently, flowing the sequence of Mn-HPW0.02 (1.96) > Mn-HPW0.005 (1.68) > Mn-HPW0.04 (1.48) > Mn (1.00), meaning that the introduction of HPW enhances the NO adsorption capacity.



The intermediates of adsorbed NOx complexes were studied with in situ DRIFT (Figure 11). After NO and O2 were added to IR cell, the NOx-derived species on Mn in Figure 11a appeared mainly at 1290, 1343, 1540, and 1627 cm−1, and they can be attributed to monodentate nitrate (1290 cm−1) [11,72,80], monodentate nitrite (1343 cm−1) [27,73,81,82], bidentate nitrate (1540 cm−1) [19,53,83,84,85], and bridged nitrate (1627 cm−1) [19,36,53,86], respectively. The intensities of the adsorbed NOx-derived species become weaker and weaker due to the decomposition of the nitrate and/or nitrite species as the temperature increases. The bands at 1290 and 1343 cm−1 are hardly detected at 210 °C, demonstrating that these species are weakly adsorbed. With respect to Mn-HPW0.02, the bands at 1270 cm−1 (monodentate nitrate), 1540 cm−1, and 1627 cm−1 are also observed in Figure 11b. As shown in Figure 11, bidentate nitrate (1540 cm−1) is the leading species on Mn, while monodentate nitrate (1270 cm−1) is dominant on Mn-HPW0.02. Moreover, the bands of monodentate nitrate (1270 cm−1) with the greater intensity on Mn-HPW0.02 are still clearly visible at 300 °C. The observation means that the introduction of HPW affects both the existence mode and stability of the nitrates.




2.8. Reaction Mechanism


2.8.1. Reaction between NO + O2 and Pre-Adsorbed NH3


At 120 °C, DRIFT spectra were acquired to reveal the reactivity of adsorbed ammonia species with NO + O2. Coordinated NH3 (1227 and 1600 cm−1) and NH4+ (1445 cm−1) exist on the surface after Mn was pre-treated in NH3 for 60 min in Figure 12a. With the mixture gas of NO and O2 passing into IR cell, the band intensities of the adsorbed NH3 species decrease gradually within 40 min and do not vanish completely (Figure S11a). This observation reveals that the reaction between the NH3 species on L and B acid sites and gaseous NOx follows the Eley–Rideal (E-R) route [87]. Especially, the band intensity of NH4+ at 1445 cm−1 barely changes in the first 10 min after the introduction of NO + O2, and then increases slight within 20 min due to the formation of NH4NO2 [88]. After the exposure to the mixture of NO and O2 is longer than 40 min, the adsorbed NOx-derived species, i.e., monodentate nitrate (1255 cm−1), bidentate nitrate (1530 cm−1), and bridged nitrate (1627 cm−1) emerge on Mn surface, and the bands of these species partially overlap with those of the unreacted NH3 species. For instance, the emergence of bidentate nitrate at 1530 cm−1 influences the intensity of NH4+ at 1445 cm−1. The spectra on Mn-HPW0.02 are demonstrated in Figure 12b. The bands of NH3 species on L acid sites (1220 and 1600 cm−1) and B acid sites (1680 cm−1) diminish quickly and then disappear as NO and O2 were employed for 30 min in Figure S11b. Subsequently, the bands of monodentate nitrate (1270 cm−1) and bridged nitrate (1627 cm−1) become apparent. In Figure S11a,b, NH3 species on Mn and Mn-HPW0.02 begin to be consumed as the NO and O2 are passed for 20 min and 5 min, respectively, indicating that HPW can enhance the reactivity of ammonia species. Additionally, the intensity of NH3 species on L acid sites (1220/1227 cm−1) decreases faster than that on B acid sites, illustrating that NH3 species on L acid sites possess higher reactivity. For the NH3 pre-adsorbed catalysts, Mn-HPW0.02 shows a more coordinated NH3 species than Mn. Therefore, Mn-HPW0.02 exhibits excellent SCR activity in the low-temperature region, which coincides with the results in Figure 5a.




2.8.2. Reaction between NH3 and Pre-Adsorbed NO + O2


The reaction DRIFT spectra of the pre-adsorbed NO + O2 species with NH3 at 120 °C on Mn and Mn-HPW0.02 are presented in Figure 13. The bands of the monodentate nitrate (1280 cm−1), bidentate nitrate (1540 cm−1), and bridged nitrate (1630 cm−1) form on the Mn surface after pretreated in NO and O2 for 60 min in Figure 13a. The dependence of the intensities of the NOx-derived species on exposure time to NH3 is also shown in Figure S12a. As the introduction time of NH3 is less than 10 min, the change of band at 1280 cm−1 is ignorable, while the band intensities at 1540 and 1630 cm−1 attenuate progressively, and the band at 1630 cm−1 vanishes after exposing to NH3 for 20 min. These demonstrate that monodentate nitrate (1280 cm−1) is inactive in NH3-SCR, whereas the reaction of bidentate nitrate (1540 cm−1) and/or bridged nitrate (1630 cm−1) with adsorbed ammonia species obey the Langmuir–Hinshelwood (L-H) pathway [74,82,87]. As the NH3 continues to enter the system, the bands adsorbed on L acid sites (1240, 1290, and 1600 cm−1), B acid sites (1445 cm−1), and the oxidation/deformation of adsorbed ammonia species (1350 cm−1) become visible on the Mn surface. Additionally, the bands of adsorbed NH3 species at 1290 cm−1 cover those of monodentate nitrate (1280 cm−1), and the bands of NH4+ at 1445 cm−1 overlap with those of bidentate nitrate (1540 cm−1). For the spectra of Mn-HPW0.02, the NOx-derived species containing monodentate nitrate (1270 cm−1), bidentate nitrate (1550 cm−1), and bridged nitrate (1630 cm−1) are formed (Figure S12b and Figure 13b). With the introduction of NH3, the variation tendencies of these band intensities are similar to those on Mn, confirming that the L-H mechanism is also appropriate for Mn-HPW0.02. Notably, compared with the reaction rate of adsorbed NH3 species with NOx (Figure S11b), the reaction rate of adsorbed NOx-derived species with NH3 (Figure S12b) is slower. Furthermore, the introduction of HPW promotes the adsorption of more NH3 species on L acid sites. Thus, the E-R mechanism on Mn-HPW0.02 plays a dominant role and further enhances the performance for NH3-SCR reaction.






3. Materials and Methods


3.1. Catalyst Preparation


H3PW12O40-modified MnOx catalysts were prepared as follows. First, 12.0 g aqueous Mn(NO3)2 solution (50%, Sinopharm, Shanghai, China), 4.2 g oxalic acid dihydrate (OA, ≥ 99.0%, Adamas, Shanghai, China), 2.1 g ethylene glycol (EG, ≥ 99.0%, Adamas), and the required amounts of tungstophosphoric acid (H3PW12O40, HPW, 99%, Adamas) were added into an agate mortar. The sample was transferred into a beaker after hand grinding for 30 min, and subjected to ultrasonication for 30 min. The slurry was dried at 110 °C for 12 h, and then calcinated at 400 °C for 4 h to obtain Mn-HPWx, in which x represents the HPW/Mn molar ratio (0.005–0.04) and the molar ratio of Mn:OA:EG is 1:1:1. Moreover, the mono-component Mn catalyst was also prepared with the same process without adding HPW. HPW was prepared as a reference with a molar ratio of OA:EG:HPW = 1:1:0.02.




3.2. Characterization


X-ray diffraction data were obtained by a Bruker D8 Advance instrument (Karlsruhe, Germany). Textural properties of catalysts were analyzed at −196 °C on a Micromeritics ASAP-2020 HD88 adsorption apparatus (Norcross, GA, USA). The morphologies and EDX mapping data of samples were gained on ZEISS Gemini 300 (Oberkochen, Germany). TEM images were observed with a JEM-2100plus TEM instrument (Tokyo, Japan).



Temperature-programmed reduction with hydrogen (H2-TPR) and temperature-programmed desorption of NH3 (NH3-TPD) were performed by a thermal conductivity detector. First, a certain amount of catalyst was pretreated by N2 at 300 °C for 30 min and then cooled down to 30 °C. In H2-TPR experiment, 10% H2/N2 (50 mL/min) was introduced to 50 mg of catalyst, and then, the reduction experiments proceeded to 650 °C at 5 °C/min. For NH3-TPD, 100 mg sample was saturated with 10% NH3/N2 for 30 min at 30 °C followed by being flushed with N2 for 30 min at 100 °C, and subsequently, heated to 500 °C at 5 °C/min.



X-ray photoelectron spectroscopy (XPS) measurements were performed with an ESCALAB 250 Xi spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).



Temperature-programmed desorption of NO (NO-TPD) was conducted on a mass spectrometer (Pfeiffer Vacuum Quadstar, 32-bit, Aßlar, Germany). First, 100 mg catalyst was pretreated in He (30 mL/min) at 300 °C for 30 min. Subsequently, the sample was flushed with 500 ppm NO/N2 and 5 vol % O2 for 1 h after cooling down to 30 °C. He gas was passed for 30 min at 50 °C, and then the NO-TPD test was started from 50 to 650 °C at 5 °C/min.



In-situ DRIFT data were obtained on a Nicolet 6700 spectrometer (Waltham, MA, USA) with 64 accumulated scans and a resolution of 4 cm−1. The sample was treated at 300 °C in N2 flow for 30 min. Subsequently, the background spectra were collected at the corresponding temperatures under N2 flow during the cooling process and were subtracted from each sample spectra in the test. For the experiments of NH3 or NOx adsorption at different temperatures, the catalysts were pretreated under the condition of 500 ppm NH3 or 500 ppm NO + 5% O2 for 60 min at 30 °C, followed by purging with N2 for 30 min. DRFIT spectra of adsorbed NH3- or NOx-derived species are collected at the corresponding temperature under the N2 atmosphere. With regards to the experiments of transient reaction, the catalysts were pretreated with 500 ppm NH3 or 500 ppm NO + 5% O2 at 120 °C for 60 min, and the spectra were recorded at different times. Subsequently, the samples were purged by N2 at 120 °C for 30 min, and finally, the mixture gas of 500 ppm NO + 5% O2 + or 500 ppm NH3 was introduced into the IR cell to react with the NH3- or NOx-derived species, collecting the spectra at different times.




3.3. Catalytic Activity Test


The activities were evaluated in a fixed quartz reactor. The reaction gas was composed of 500 ppm NO, 500 ppm NH3, 5% O2, 50 ppm SO2 (when used), and balanced N2. The gas flow rate was kept at 200 mL/min (WHSV = 80,000 mL g−1 h−1). The concentration of NO and NO2 in the reaction gas was determined with a flue gas analyzer (Testo 340, Lenzkirch, Germany) and the concentration of N2O was obtained by a gas chromatograph (Panna A91, China). NOx conversion and N2 selectivity were calculated [52,89,90]:


    NO  x     conversion   ( % ) =         [ NO   x  ]   inlet   −      [ NO   x  ]   outlet          [ NO   x  ]   inlet        ×   100 %   



(1)






   N 2     selectivity =   (  1 −   2 ×    [   N 2  O  ]    outlet        [    NO  x   ]    inlet    +     [    NH  3   ]    inlet      )     ×   100 %     



(2)







The individual NO (NH3) oxidation reaction was performed on the same devices without the introduction of NH3 (NO). A detector (LY500-NH3-H2) was employed to record the concentration of NH3 in effluent gas, and NO and NH3 oxidation conversion were calculated:


   NO   conversion   ( % ) =       [ NO ]    inlet   −    [ NO ]    outlet        [ NO ]    inlet        ×   100 %   



(3)






    NH  3     conversion   ( % ) =         [ NH   3  ]   inlet   −      [ NH   3  ]   outlet          [ NH   3  ]   inlet        ×   100 %   



(4)









4. Conclusions


HPW-modified MnOx catalysts were prepared for NOx removal. The effect of the HPW doping amount on the activities over the Mn catalyst was evaluated. Additionally, the correlation between physicochemical properties and NH3-SCR performance, and reaction mechanisms were surveyed via several characterizations. The conclusions can be drawn.



(1) The Mn catalyst modified by HPW possesses good NH3-SCR activity and above 90% NOx conversion at 90–270 °C can be obtained on Mn-HPW0.02 along with relatively higher N2 selectivity.



(2) The NH3 species on Lewis and Brønsted acid sites can take part in NH3-SCR, and the reactivity of NH3 species on Lewis acid sites is higher than those on Brønsted acid sites. The amount of Lewis acid sites increases obviously after adding HPW to the Mn catalyst, and the reaction of adsorbed NH3 species with gas-phase NOx is accelerated on Mn-HPW0.02, thus, boosting low-temperature activities.



(3) The reduction temperatures of the MnOx species move towards the higher temperature and the concentration of Mn4+ decreases, which weakens moderately the oxidation abilities of the Mn catalyst modified by HPW and protects the adsorbed NH3 species from the overoxidation. Therefore, NOx elimination and N2 selectivity are improved at high temperatures.



(4) Among the NOx-derived species, the bridged nitrate and bidentate nitrate on Mn and Mn-HPW0.02 have the higher reactivity, reacting with adsorbed NH3 species, while monodentate nitrate species fail to do so. At 120 °C, both E-R and L-H routes are suitable for the Mn and Mn-HPW0.02 catalysts for NH3-SCR, and the E-R mechanism is dominant on Mn-HPW0.02.
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Figure 1. XRD patterns of Mn and Mn-HPWx. 
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Figure 2. FTIR spectra of HPW before calcinatation (a), HPW calcinated at 400 °C (b) and 650 °C (c); Mn-HPW0.02 before calcination (d), Mn-HPW0.02 calcinated at 200 °C (e), 400 °C (f), and 650 °C (g). 
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[image: Catalysts 12 01248 g002]







[image: Catalysts 12 01248 g003 550] 





Figure 3. SEM images of HPW (a), Mn (b), and Mn-HPW0.02 (c). 
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Figure 4. TEM images of HPW (a,b), Mn (c,d), and Mn-HPW0.02 (e–g). 
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Figure 5. NH3-SCR activity on HPW, Mn, and Mn-HPWx at 60–300 °C (a) and at 60–180 °C (b). 
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Figure 6. Conversion of NO to NO2 (a) and NH3 conversion (b) on Mn and Mn-HPW0.02 at 60–300 °C. 
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Figure 7. H2-TPR profiles of Mn, Mn-HPWx, and HPW. 
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Figure 8. XPS results of Mn 2p (a), W 4f (b), P 2p (c), and O 1s (d) over Mn and Mn-HPWx samples. 
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Figure 9. DRIFT spectra of NH3-derived species on Mn (a), Mn-HPW0.02 (b) obtained by subtracting the corresponding background spectra. The catalysts were pretreated with 500 ppm NH3 for 60 min and then purging by N2 for 30 min at 30 °C. 
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Figure 10. NO-TPD profiles on Mn, Mn-HPW0.005, Mn-HPW0.02, and Mn-HPW0.04. 
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Figure 11. DRIFT spectra of NOx-derived species on Mn (a) and Mn-HPW0.02 (b) obtained by subtracting the corresponding background spectra. The catalysts were pretreated with 500 ppm NO + 5% O2 for 60 min and then purging by N2 for 30 min at 30 °C. 
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Figure 12. DRIFT spectra obtained by subtracting the corresponding background spectra of NO + O2 reacted with pre-adsorbed NH3 species at 120 °C on Mn (a) and Mn-HPW0.02 (b). 
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Figure 13. DRIFT spectra obtained by subtracting the corresponding background spectra of of NH3 reacted with pre-adsorbed NOx-derived species at 120 °C on Mn (a) and Mn-HPW0.02 (b). 
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Table 1. Surface area and pore structural characterizations of the Mn, Mn-HPWx, and HPW catalysts.
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	Samples
	BET Surface Area (m2/g)
	Total Pore Volume (cm3/g)
	Average Pore Diameter (nm)





	Mn
	33.7
	0.14
	17.0



	Mn-HPW0.005
	54.9
	0.18
	13.7



	Mn-HPW0.01
	58.5
	0.17
	11.6



	Mn-HPW0.02
	69.1
	0.14
	8.3



	Mn-HPW0.03
	55.7
	0.14
	10.1



	Mn-HPW0.04
	52.5
	0.14
	12.4



	HPW
	1.6
	0.00
	2.0
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Table 2. Atomic surface concentrations on Mn and Mn-HPWx.
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Catalyst

	
Surface Atomic Concentration 1 (at. %)

	
Relative Ratio 2 (%)

	
Relative Concentration 3 (at. %)




	
Mn

	
O

	
W

	
P

	
Mn4+/Mn

	
Mn3+/Mn

	
Mn2+/Mn

	
Oβ/O

	
Mn4+

	
Mn3+

	
Mn2+

	
Oβ






	
Mn

	
30.7

	
51.2

	
-

	
-

	
26.7

	
52.2

	
21.1

	
35.1

	
8.2

	
16.0

	
6.5

	
18.0




	
Mn-HPW0.005

	
27.4

	
52.8

	
2.0

	
1.2

	
26.6

	
51.8

	
21.6

	
32.2

	
7.3

	
14.2

	
5.9

	
17.0




	
Mn-HPW0.01

	
26.1

	
54.1

	
3.1

	
1.4

	
25.9

	
51.5

	
22.6

	
32.3

	
6.8

	
13.4

	
5.9

	
17.5




	
Mn-HPW0.02

	
24.6

	
54.0

	
4.0

	
1.7

	
24.6

	
52.3

	
23.1

	
32.3

	
6.1

	
12.8

	
5.7

	
17.5




	
Mn-HPW0.03

	
21.6

	
54.5

	
5.3

	
2.1

	
24.3

	
53.1

	
22.6

	
32.3

	
5.3

	
11.4

	
4.9

	
17.6




	
Mn-HPW0.04

	
21.2

	
55.2

	
6.1

	
2.3

	
24.2

	
53.4

	
22.4

	
32.3

	
5.1

	
11.3

	
4.8

	
17.8








1 The ratio of the Mn (or O, or W) atom to the sum of the measured elements (such as Mn, O, C, N, W, and P). 2 The ratio of the corresponding peak areas in the XPS spectrum. 3 The relative concentration was calculated using the relative ratio multiplied by the surface atomic concentration.
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