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Abstract:



Bayer red mud was selected, and the NH3-SCR activity was tested in a fixed bed in which the typical flue gas atmosphere was simulated. Combined with XRF, XRD, BET, SEM, TG and NH3-Temperature Programmed Desorption (TPD) characterization, the denitration characteristics of Ce-doped red mud catalysts were studied on the basis of alkali-removed red mud. The results showed that typical red mud was a feasible material for denitration catalyst. Acid washing and calcining comprised the best treatment process for raw red mud, which reduced the content of alkaline substances, cleared the catalyst pore and optimized the particle morphology with dispersion. In the temperature range of 300–400 °C, the denitrification efficiency of calcined acid washing of red mud catalyst (ARM) was more than 70%. The doping of Ce significantly enhanced NH3 adsorption from weak, medium and strong acid sites, reduced the crystallinity of α-Fe2O3 in ARM, optimized the specific surface area and broadened the active temperature window, which increased the NOx conversion rate by an average of nearly 20% points from 250–350 °C. The denitration efficiency of Ce0.3/ARM at 300 °C was as high as 88%. The optimum conditions for the denitration reaction of the Ce0.3/ARM catalyst were controlled as follows: Gas Hourly Space Velocity (GHSV) of 30,000 h−1, O2 volume fraction of 3.5–4% and the NH3/NO molar ratio ([NH3/NO]) of 1.0. The presence of SO2 in the feed had an irreversible negative effect on the activity of the Ce0.3/ARM catalyst.
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1. Introduction


Red mud, which is a major solid waste derived from the aluminum industry, has been producing in huge quantities over the decades. At present, most of the red mud is treated for landfilling, which brings a heavy burden to the environment. At the same time, Bayer red mud is considered hazardous due to its strong alkalinity (pH = 10–12). Therefore, utilization of red mud has become the focus of study and an urgent issue all over the world. Since red mud contains Fe2O3 (20–50%) and large amounts of stable materials (SiO2, Al2O3 and TiO2), it is a potential alternative catalyst in wastewater and exhaust cleaning [1,2,3,4,5], which provides a cost-effective route of controlling waste by waste. However, the large-scale catalysis application of red mud is limited because of its alkalinity [6], mainly originating from Na and Ca, and their oxides can cause sintering in the catalyst and reduce the catalytic activity [7]. Recently, Li et al. [8] developed a ball milling and acid-base neutralization method to reuse red mud as an efficient Fe-Ti/Si-Al denitration catalyst free of alkali. Cao et al. [9] reported an approach that used hydrochloric acid to treat red mud followed by alkali precipitation, by which the alkaline reduced and the CO catalytic oxidation performance was improved. Besides, for the first time, Lamonier et al. [10] compared the denitration performance of raw red mud and Cu-doped red mud, improving the activity of red mud. After that, Rajanikanth et al. [11,12] used red mud as a NOx adsorbent, which was arranged after the plasma purifier in the tail gas treatment module of a biodiesel engine, and the results showed that in this system, most exhausted NO2 can be converted. Nevertheless, few studies have involved red mud deNOx catalyst in coal-fired flue gas processing.



Selective Catalytic Reduction of NOx with NH3 (NH3-SCR) is the most efficient method that has been applied in many thermal power plants for flue gas denitrification, while its technical core is the SCR catalyst with high efficiency and stability. So far, the commercial SCR deNOx catalyst is V2O5-WO3/TiO2 [13], but it suffers problems such as high manufacturing cost, heavy metal loss and secondary pollution caused by volatility at high temperature. From this, the development of low-cost and environment-friendly catalysts that replace V-Ti-based ones has attracted much attention in the energy and environment engineering field [14,15]. Till now, some progress has been made in iron-based metal oxides catalysts [16]. On the other hand, various metal oxide wastes that include red mud [17,18], fly ash [19] and aluminum dross [20] are inexpensive materials that can be directly used in catalyst preparation, among which the red mud contains abundant effective iron oxides and thereby is valuable in research on SCR deNOx catalyst. Therefore, a systematic study is needed to assess the feasibility of red mud for SCR deNOx in coal-fired flue gas processing.



In view of the fact that alkaline substances such as Na, K, Ca and Mg in red mud can be toxic to SCR activity caused by the poisoning of acid sites on the catalyst surface, dealkalization was applied in catalyst preparation. In addition, we noticed that cerium is an important rare earth element that can contribute to various types of catalytic reaction [21,22], and doping of Ce can increase the amount of acid sites on the catalyst surface [23,24]. Recently, Xu et al. [5] prepared cerium-modified red mud catalyst for catalytic ozonation with the result of improved activity. In our present study, Bayer red mud was used to prepare the low-cost SCR deNOx catalyst, and on the basis of alkali-removed red mud, the denitrification characteristics of Ce-doped red mud catalysts were evaluated with simulated flue gas atmosphere. X-ray Fluorescence (XRF), X-ray Diffraction (XRD), N2 isotherm adsorption-desorption analysis (BET), Scanning Electron Microscopy (SEM), Thermogravimetric Measurement (TG) and NH3-Temperature Programmed Desorption (NH3-TPD) measurements were employed to investigate the internal mechanism between the properties and performance of red mud.




2. Results


2.1. Effect of Dealkalization Method


2.1.1. Components Analysis of RM and Alkali-Removed RM


The chemical composition of red mud catalysts prepared by different dealkalization methods is shown in Table 1. In raw red mud (RM), SiO2, Al2O3 and Fe2O3 were the major components (totaling more than 60%); the next ones were Na2O, TiO2, CaO and a small amount of MgO and K2O, as well. Among them, Na and Ca oxides cause sintering in catalyst at high temperatures [7] and reduce the acidity of the catalyst surface, which is seriously toxic to the SCR catalytic activity [25]. After moderate dealkalization, red mud can be activated while most of effective substances are still preserved [26]; hence, the effect of the dealkalization method on the properties and SCR activities of red mud was studied.



Table 1. The composition of RM, WRM1, WRM2 and ARM (wt%). RM: red mud; WRMn: Water washing of red mud catalyst, n = 1, 2, refers to washing times; ARM: acid washing of red mud catalyst.







	
Samples

	
LOSS

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
SO3

	
TiO2

	
K2O

	
Na2O

	
Others






	
RM

	
13.02

	
20.74

	
24.26

	
23.89

	
2.77

	
0.56

	
0.93

	
2.95

	
0.57

	
10.13

	
0.18




	
WRM1

	
13.75

	
19.75

	
27.81

	
22.61

	
5.52

	
0.37

	
0.85

	
1.55

	
0.07

	
7.43

	
0.29




	
WRM2

	
14.14

	
19.26

	
27.40

	
23.23

	
5.42

	
0.36

	
1.01

	
1.43

	
0.13

	
7.35

	
0.27




	
ARM

	
13.06

	
18.19

	
35.34

	
23.12

	
3.28

	
0.24

	
0.25

	
2.17

	
-

	
4.23

	
0.12










As shown in Table 1, Na and K contents in WRM1 (WRMn, Water washing of red mud catalyst, n = 1, 2, refers to washing times), WRM2 and ARM were found to be reduced significantly towards water washing and acid washing, but minor changes were observed between WRM1 and WRM2 towards adding washing times. It was noticed that Ca content had increased after washing as it was more insoluble in water, and its absolute quality had decreased less or even basically remained unchanged, so that the relative proportion increased. Thus, the water washing method had certain limitations, but it can be seen that the acid washing method can reduce all kinds of alkaline substances to a certain degree, which is considered acceptable for dealkalization of RM.



Figure 1 shows the XRD patterns of RM, ARM and ARM(400) (ARM(t), where t refers to the calcining temperature). The crystalline phases determined in three samples were α-Fe2O3 (hematite, PDF-33-0664#), TiO2 (anatase, PDF-89-4921#), SiO2 (quartz, PDF-46-1045#), as well as trace phases of carbonates and aluminosilicates. No obvious other diffraction peaks were found, suggesting that other components were well-dispersed in red mud. This result was in accordance with the recent research on phases of red mud produced in China [27]. In ARM, the Fe+3O(OH) (goethite, PDF-29-0713#) diffraction peaks considerably diminished, and in ARM(400), they finally vanished, which affirmed that the crystalline Fe+3O(OH) had transformed due to dehydration after the calcination process.


Figure 1. XRD patterns of: (a) RM, (b) ARM and (c) ARM(400). 1: α-Fe2O3; 2: Fe+3O(OH); 3: anatase (TiO2); 4: quartz (SiO2); 5: calcite (CaCO3); 6: aluminosilicate.
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2.1.2. Catalytic Activity of RM and Alkali-Removed RM


Figure 2 shows the NOx conversion rate of RM, ARM and ARM(400) as a function of reaction temperature. In comparison with RM, the denitration efficiency of ARM increased by about 10% points in the range of 150–375 °C. Unlike the behavior of RM and ARM, better performance was acquired by ARM(400) in the range of 350–400 °C, where the active temperature window had been broadened. Thus, calcining after acid washing can reduce the adverse effect of alkali in RM and effectively improve the catalytic activity at high temperatures, which can be considered as a cost-effective treatment method.


Figure 2. Catalytic activity of RM, ARM and ARM(400). Reaction conditions: reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, Gas Hourly Space Velocity (GHSV) = 30,000 h−1, [NH3/NO] = 1.0, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and >3.5%, respectively.
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2.1.3. Structure Characterization of RM and Alkali-Removed RM


Specific surface areas and pore structure are of significant importance of heterogeneous catalyst. The BET surface areas of samples are shown in Table 2. In general, dealkalization had a positive effect on the BET surface areas, but pore volumes and pore diameter decreased to a certain degree after acid washing treatment. The BET surface areas of ARM and ARM(400) were 50.54 m2·g−1 and 57.19 m2·g−1, respectively. This suggests that acid washing can remove most of the alkaline substances from red mud and clear the inner channel of red mud minerals [28], so that the specific surface area can be further optimized after calcination, which is beneficial to the diffusion and adsorption of reaction gas on the catalyst surface.



Table 2. BET surface areas, pore volumes and average pore diameter of RM, ARM and ARM(400). ARM(t), where t refers to the calcining temperature.







	
Samples

	
BET Specific Surface Area (m2·g−1)

	
Pore Volume (cm3·g−1)

	
Average Pore Diameter (nm)






	
RM

	
42.7

	
0.1919

	
109.2




	
ARM

	
50.5

	
0.1048

	
82.9




	
ARM(400)

	
57.2

	
0.1041

	
72.8










Figure 3 shows the SEM images of samples. As shown in Figure 3a,b, WRM1 showed a similar cementation structure to RM: it displayed a large block, columnar and lamellar structure, surrounded by flocculent small particles of crystallization, where the surface of particles was rough, and the adhesion and pore structure of the catalyst had obviously collapsed and been blocked; while in Figure 3c,d, ARM had larger voids and highly-dispersed particles, owing to the displacement of impurities by H+ occurring in mineral layers, involving K+, Na+, Ca2+ and Mg2+ ions. After calcination, ARM(400) had further homogeneous morphology with ball-shaped particles, and the surface became smooth and better connected, which provided a larger specific surface area and exposed sufficient active sites for gas diffusion and adsorption in the SCR reaction, and it was the significant reason for the improved activity.


Figure 3. SEM images: (a) RM, (b) WRM1, (c) ARM and (d) ARM(400).



[image: Catalysts 08 00035 g003]







2.1.4. Effect of Calcination Temperature on Catalytic Activity of ARM


Calcination temperatures can affect the catalytic activity of red mud. For the TG results in Figure 4a, the fresh ARM sample had a continuous mass loss and finally stabilized at 700 °C. The weight loss peak before 100 and 200 °C corresponds to the removal of adsorbed water and crystalline water in red mud, which is necessary during calcination activation. Moreover, the weight loss stage in the range of 200–300 °C and 300–350 °C can be assigned to the removal of crystalline water from the gibbsite and goethite structure, respectively. To prevent sintering by residual alkaline substance in ARM, the calcination temperature should not exceed 600 °C, so the ARM(400), ARM(450), ARM(500) and ARM(550) catalysts were prepared to study. With the comparison of RM, their catalytic activities are illustrated in Figure 4b. The trends of the conversion-temperature curves of calcined ARM present as the same, but in the range of 200–350 °C reaction temperatures, the catalytic activity of four samples was in the order of ARM(500) > ARM(550) > ARM(400) > ARM(450). Therefore, the calcination temperature of 500 °C was chosen to prepare ARM-supported catalyst with further treatment.


Figure 4. (a) The TG-DTG curves of 10.0658 mg ARM; (b) catalytic activity of RM, ARM(400), ARM(450), ARM(500) and ARM(550). Reaction conditions: reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 30,000 h−1, [NH3/NO] = 1.0, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and >3.5%, respectively.
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2.2. Effect of Ce-Doping


2.2.1. Catalytic Activity of Ce/ARM


Though ARM(500) gained a good performance in the experiments above, it still had a certain difference from commercial catalyst. In this section, Ce-doped red mud catalysts were prepared with 500 °C calcination, using ARM as a support. Figure 5 shows the catalytic activity of Ce/ARM with different Ce loading. The amount of Ce loading did not have a linear influence on activities of Ce/ARM in the whole range of reaction temperatures. Compared with ARM(500), the NOx conversion increased by an average of 5% in Ce0.1/ARM and by 10–20% in others. With the increase of Ce loading, the active temperature window of Ce0.5/ARM and Ce0.7/ARM slightly shifted to high temperatures. The highest NOx conversion of 88% was gained by Ce0.3/ARM at 300 °C and 90% by Ce0.7/ARM at 350 °C. It can be viewed that red mud-based Ce/ARM catalysts have good performance for denitration in 275–400 °C, which is comparable with Ce/TiO2 (5% Ce-doped) [29] and V2O5/TiO2 catalysts [30].


Figure 5. Catalytic activity of ARM(500) and Cex/ARM catalysts. Reaction conditions: reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 30,000 h−1, [NH3/NO] = 1.0, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and >3.5%, respectively.



[image: Catalysts 08 00035 g005]






Based on the above analysis, the SCR activities of Ce-doped red mud were remarkably promoted in both medium and high temperatures, and the active temperature window of catalysts had been apparently broadened. For better understanding the results of differences in activity over Ce/ARM and ARM(500), the NH3-TPD curves are shown in Figure 6 to identify the acidity difference. Like the performance of activity presented in Figure 5, the shapes of the ARM(500) and Ce0.1/ARM curves were similar, and a marked increase of desorption intensity was found in Ce0.1/ARM, which definitely identified the promoting effect of Ce doping on the amount of surface acid sites and improved activity. For the peaks of the Ce0.3/ARM sample, both the peak area of low and high temperatures dramatically increased, which was assigned to enhanced NH3 adsorption from weak, medium and strong acid sites after further Ce doping. Combined with the analysis in Section 2.1, it is concluded that the removal of alkali and NH3 adsorption were of great importance to the catalytic behavior of red mud owing to the changes in structure and acid sites provided by acid treatment and Ce doping, both of which favored the SCR reaction.


Figure 6. The NH3-Temperature Programmed Desorption (TPD) curves of Ce0.3/ARM, Ce0.1/ARM and ARM(500).
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2.2.2. Structure Characterization of Ce/ARM


Figure 7a shows the XRD patterns of Ce0.1/ARM, Ce0.3/ARM, Ce0.5/ARM and Ce0.7/ARM. Local patterns in the range of 40–60° are shown in Figure 7b. Compared with JCPDS standard cards, the main crystalline phase in Ce/ARM samples was α-Fe2O3 (PDF-33-0664#), which was consistent with the result of ARM. Moreover, diffraction peaks of CeO2 (PDF-34-0394#) were observed, except in Ce0.1/ARM, which had the least Ce loading. As a result, Ce species had formed the CeO2 crystalline phase in the preparation. In all of four samples, there were no other obvious peaks, indicating that other species were well-dispersed in Ce/ARM after Ce-doping and 500 °C calcination.


Figure 7. XRD patterns of Ce/ARM catalyst. (a) Complete patterns (▽: α-Fe2O3 ◊: CeO2); (b) local patterns.
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According to the Scherrer Equation (1) [31], the peak width at half height (FWHM) of crystal lattice diffraction peaks is inversely proportional to the diameter of crystalline grains, so it can be deduced from the local patterns that in Ce0.3/ARM, the average crystalline size of α-Fe2O3 was lower than other samples:


D = 0.89λ/(βcosθ)



(1)




where D is the average thickness of a crystalline grain perpendicular to the crystal surface; β is the FWHM of sample diffraction peaks; θ is the diffraction angle; λ is incident X-ray light wavelength of 0.154 nm.



When the composition and macrostructure of catalyst are fixed, the catalytic activity is primarily affected by the specific surface area. Table 3 lists the BET surface areas of Ce/ARM.



Table 3. BET surface areas, pore volumes and average pore diameter of Ce/ARM catalysts.







	
Samples

	
BET Specific Surface Area (m2·g−1)

	
Pore Volume (cm3·g−1)

	
Average Pore Diameter (nm)






	
Ce0.1/ARM

	
46.5

	
0.0922

	
87.9




	
Ce0.3/ARM

	
54.4

	
0.1002

	
81.6




	
Ce0.5/ARM

	
45.1

	
0.1071

	
98.0




	
Ce0.7/ARM

	
46.1

	
0.1181

	
103.1










Compared to ARM (50.54 m2·g−1) in Table 2, The BET specific surface areas of Ce/ARM had decreased to some degree, yet it was calculated that the crystalline grain diameter of α-Fe2O3 of Ce/ARM dropped to 15–30 nm compared to that of ARM. In the case of this study, Ce0.3/ARM not only had low crystalline grain diameter, but also provided larger BET specific surface area (54.4 m2·g−1), as well as enhanced the surface acidity, which consequently improved the catalytic activity just under a simple preparation method with a small amount of Ce-doping (less than 5%).




2.2.3. NH3 and O2 Transient Response of Ce0.3/ARM and the Effect of Major Operating Parameters


As shown in Figure 8a–e, the fresh Ce0.3/ARM catalyst was selected to investigate the effect of major operating parameters on its performance. The experiments were conducted at a reaction temperature of 300 °C, where they could gain the highest denitration efficiency.


Figure 8. Ce0.3/ARM catalyst: (a) NH3 transient response; (b) O2 transient response. Reaction conditions: reaction temperature = 300 °C, reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 30,000 h−1, [NH3/NO] = 1.0, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and >3.5%, respectively. (c) Effect of GHSV. Reaction conditions: reaction temperature = 300 °C, reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 15,000–30,000 h−1, [NH3/NO] = 1.0, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and >3.5%, respectively. (d) Effect of [NH3/NO]. Reaction conditions: reaction temperature = 300 °C, reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 30,000 h−1, [NH3/NO] = 0–3.5, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and >3.5%, respectively. (e) Effect of O2 volume fraction. Reaction conditions: reaction temperature = 300 °C, reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 30,000 h−1, [NH3/NO] = 0–3.5, initial concentration of NH3, NO and O2 = 0.05%, 0.05% and 0–6%, respectively.
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As is known from the NH3-SCR reaction Equations (2)–(5), insufficient NH3 will lead to inadequate SCR reaction and low NOx conversion. Figure 8a shows the transient response of NH3 on Ce0.3/ARM. In the initial half-hour experiment, the whole of the reaction gas was thoroughly mixed and flowed through the catalyst bed for a steady-state reaction. When the NH3 feed was instantly cut off at 30 min, there was hardly a concentration of gaseous NH3 in the flow, but NOx conversion did not drop immediately till it declined to lower than 30% 12 min later, which was attributed to residual adsorbed NH3 continuously reacted with NO; it also demonstrated that in this period, the adsorbed NH3 was quickly consumed in the complete SCR reaction. After the plateau between 42 min and 62 min, the NH3 feed was turned on. NOx conversion rapidly raised at the beginning of 5 min, then slowly increased and finally recovered after 20 min. Overall, the adsorption of NH3 on the catalyst surface played an important role in the SCR reaction on Ce0.3/ARM catalyst, which clearly agreed with the requirement of acid sites for improved SCR activity, as discussed above in Figure 6.


4NH3 + 4NO + O2→4N2 + 6H2O



(2)






4NH3 + 2NO2 + O2→3N2 + 6H2O



(3)






4NH3 + 6NO→5N2 + 6H2O



(4)






8NH3 + 6NO2→7N2 + 12H2O



(5)







According to “standard SCR” and “fast SCR” Equations (2) and (3) [32], the SCR reaction occurs more quickly in the presence of O2. As seen from Figure 8b, NOx conversion dropped and recovered immediately when the O2 feed was instantly cut off and turned on, which indicated that gaseous O2 reacted on the catalyst surface. During the time interval between 22 min and 43 min, the NOx conversion of Ce0.3/ARM remained as high as 78%, which may result from the superior capacity for cyclic oxygen storage and redox of CeO2 formed in red mud, which ensured that there were sufficient adsorbed oxygen and lattice oxygen participating in the SCR reaction and contributing to the performance of Ce0.3/ARM.



Figure 8c shows the effect of Gas Hourly Space Velocity (GHSV) on the catalytic activity of Ce0.3/ARM. Different GHSV was generated by changing the filling volume of catalysts. Before GHSV of 30,000 h−1, NOx conversion remained more than 88% and decreased slightly with the increase of flue gas flow velocity, but it obviously dropped in GHSV of 30,000–45,000 h−1, because when using a small amount of catalyst, the residence time was too short to make the reaction gas fully contact the catalyst surface. The results showed that the Ce0.3/ARM catalyst was adapted to GHSV of 15,000–30,000 h−1.



Figure 8d shows the effect of [NH3/NO]. In the presence of NH3, the NOx conversion increased sharply and reached 74% with [NH3/NO] of 1:2 (0.5), and it reached nearly 90% with [NH3/NO] of 1.0, then stayed at the same level with the increase of [NH3/NO] before 3.5%. To save the NH3 consumption and considering the efficiency, it is best to control the [NH3/NO] at 1.0, which also reveals that the reaction on the catalyst surface of Ce0.3/ARM followed the stoichiometric ratio of the “standard SCR” reaction.



Figure 8e shows the effect of O2 concentration. In accordance with the result in Figure 7b, the NOx conversion of Ce0.3/ARM maintained about 75% in absence of O2, and it further raised as the O2 concentration increased. According to “fast SCR” Equation (3), with excessive O2, NO could be oxidized to NO2, which accelerates the SCR reaction rate and enhances the NOx conversion. In this work, the initial O2 concentration of 3.5–4% in atmosphere is appropriate, where the NOx conversion of Ce0.3/ARM was the best.




2.2.4. Effect of SO2 on Catalytic Activity of Ce0.3/ARM


As shown in Figure 9, a twelve-hour stability experiment of SO2 resistance was carried out at 300 °C to primarily investigate the effect of SO2 on the catalytic behaviors of Ce0.3/ARM, and another experiment of fresh catalyst without SO2 was done as a comparison. Starting with 0.03% SO2, the NOx conversion decreased obviously from 90–85% in 30 min, then gradually dropped to 73% in the following 2.5 h and maintained a plateau. The inhibition on activity during those 6 h could be explained by competitive adsorption of SO2 on reaction active sites and continued blocking of the intermediate product. After SO2 was cut off, the NOx conversion did not recover and finally stabilized at 64%, which indicated that SO2 had led to irreversible sulfate deposition or metal sulfate species formation [33] on Ce0.3/ARM, so that some active sites were blocked. Thus, the SO2 resistance features of Ce0.3/ARM need further development in the future.


Figure 9. Catalytic activity of Ce0.3/ARM in the presence of SO2 and without SO2. Reaction conditions: Reaction temperature = 300 °C, reaction gas pressure = 0.1 MPa, N2 balance, total flow = 2000 mL·min−1, GHSV = 30,000 h−1, [NH3/NO] = 1.0, initial concentration of NH3, NO, O2 and SO2 = 0.05%, 0.05%, >3.5% and 0.03%, respectively.
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3. Discussion


Admittedly, the results in this work demonstrated the advantages of Ce0.3/ARM catalyst for simple preparation and promising application in medium and high temperature denitration with typical compositions of flue gas, but the problem of inferior SO2 resistance should be overcome for the purpose of practical use; further study is still needed on its performance in actual flue gas, where the effects of H2O and fly ash cannot be ignored. Moreover, the polymetallic property of red mud will increase its uncertainty of activity, which remains to be investigated. In the case of this study, it can be concluded that treated red mud was a feasible support for Ce-doped NH3-SCR catalyst, and the effects of the dealkalization method and Ce doping on structure and surface acidity had been discussed. In a next step, a point-by-point comparison with previous work should be made.



Recently, in an important progress [8] related to red mud-based (also received from the Shandong Aluminum Industry) SCR catalyst, a variety of samples prepared were investigated, which showed some controversial results at first glance. However, the distinction of work between those samples and this study should be considered in detail, which is shown in Table 4.



Table 4. Comparison of works.







	
Options

	
Reference [8]

	
This Study






	
Synthesis method

	
acid-base neutralization

	
acid washing; impregnation




	
Activation treatment

	
washing, drying and calcination; SO2-activated

	
washing, drying and calcination




	
Catalyst composition

	
Fe2O3-TiO2/(SiO2-Al2O3) (RM-based catalyst)

	
Ce-doped mixed oxides with inevitable residual alkali (Ce/ARM)




	
Major active component

	
α-Fe2O3, Fe2(SO4)3

	
α-Fe2O3, CeO2 and others




	
Active temperature window

	
350–450 °C

	
275–375 °C




	
Operating conditions

	
GHSV of 60,000 h−1

	
GHSV of 30,000 h−1










On account of different catalyst precursors, this may explain the reason why the activity of the RM-based catalyst increased with a lower calcination temperature in the range of 500–600 °C [8], but a relatively high temperature was chose from 400–600 °C for ARM, because a relatively lower calcination temperature may be needed for suitably phase structure transformation of the metal hydroxide formed by the neutralization method, while for impregnated catalyst, a low calcination temperature will make it inadequate to establish a strong interaction between the active component and catalyst support. In addition, conflicting performance is also observed between the SO2 resistance of SO2–activated RM and Ce0.3/ARM. For one thing, increasing the GHSV could indeed reduce the risk of ammonium sulfate deposition. For another, the inferior performance of Ce0.3/ARM, by contrast, is possibly due to the fact that some ammonium sulfate could not completely decompose at 300 °C, where the stability experiment was carried out, but the Ce0.3/ARM catalyst had the best efficiency at that temperature, so adding a low-temperature sulfur-resistant component to existing Ce0.3/ARM catalyst or improving its high-temperature activities will have a good prospect in future work. Nevertheless, SO2 activation may also have a promoting effect on Ce0.3/ARM, though at present, it still lacks the understanding of the interaction between SO2 and the mixture of metal oxides in red mud.



Furthermore, better understanding of the effect of alkaline substances in red mud on SCR behaviors should be made to help confirm the real reaction sites and even tune the catalyst properties. An interesting work [34] proposed the idea that the surface basicity of K-deposited Ce-supported sulfated zirconia catalyst could also promote the NO conversion especially in a relatively lower temperature range by enhancing the adsorption and oxidation of NO as long as sufficient surface acidity was available, which gives inspiration to improve the activity of existing Ce/ARM catalyst. Herein, the assisted component in red mud could be designed with respect to a certain study object in future work.




4. Materials and Methods


4.1. Preparation of RM and Alkali-Removed RM


Raw red mud catalyst (RM): Bayer red mud was received from Shandong Aluminum Industry Corporation (Zibo, China). The uniform powdered red mud was obtained by crushing and grinding received red mud, then it was screened by 50–120 mesh, after which a small amount of deionized water was added to make powders into strip granules, followed by air drying at 105 °C for 6 h. Finally, the catalyst particles of RM were obtained via screening by 40–60 mesh (0.25–0.38 mm) [35] from those broken strips.



Water washing of red mud catalyst (WRMn, n = 1, 2, refers to washing times): The above-mentioned powdered red mud and deionized water were stirred in a liquid-solid ratio of 10 mL·g−1 to form a slurry, with heating in an 80 °C water bath. The resulting solution was washed n times with deionized water by the vacuum filtration method until the pH of filtrate reached 7.0, and then, the filter cake was air dried at 105 °C for 6 h until the weight was constant. Finally, the catalyst particles of WRMn were obtained via grinding and screening by 40–60 mesh from the dried cake.



Acid washing of red mud catalyst (ARM): The prepared red mud slurry was washed once and then titrated with 0.2 mol/L HNO3 until the pH of the solution reached 7.0. The resulting solution was repeatedly washed to remove residual ions and impurities until the pH of the filtrate reached 7.0, and then, the filter cake was air dried at 105 °C for 6 h until the weight was constant. Finally, the catalyst particles of ARM were obtained via grinding and screening by 40–60 mesh from the dried cake.



In addition, some of the ARM catalyst particles were treated by calcining in air at different temperatures (400 °C, 450 °C, 500 °C and 550 °C) for 4 h. The obtained catalysts were defined as ARM(t), where t refers to the calcining temperature.




4.2. Preparation of Ce-Doped Red Mud Catalyst


Ce-doped red mud catalysts (Cex/ARM, x refers to the impregnated solution concentration, for which the unit is mol·L−1) were prepared by the impregnation method, using a certain amount of Ce(NO3)3 solution mixed with ARM powders in a liquid-solid ratio of 1 mL·g−1, followed by stirring for 1 h and ultrasonic treatment for 30 min. The resulting slurry was dried rapidly for 20 min by microwaving with a power of 210 W and then air dried at 105 °C for 6 h until the weight was constant. After that, the dried bulk was treated by calcining in air at 500 °C for 4 h. Finally, the Ce/ARM catalyst particles were obtained via grinding and screening by 40–60 mesh from the bulk. Table 5 lists the actual weight percentage of Ce content in red mud catalysts.



Table 5. Ce content in Ce/ARM catalysts.







	
Samples

	
Ce Content (wt%)






	
Ce0.1/ARM

	
1.40




	
Ce0.3/ARM

	
4.20




	
Ce0.5/ARM

	
7.01




	
Ce0.7/ARM

	
9.81











4.3. Catalytic deNOx Activity Measurements


The NH3-SCR denitration reaction was carried out on a fixed-bed flow reactor that contained a vertical quartz tube, 0.8 cm inside diameter and 60 cm in length, fitted within a temperature-controlling (room temperature to 400 °C available) electrical heating furnace. Four milliliters of the catalyst sample particles were loaded on a quartz baffle plate fixed on the constant temperature area of the tube, and a K-type thermocouple was inserted in the catalyst bed to measure the accurate catalyst temperature. Simulated coal-fired SCR flue gas consisted of NH3, NO and O2, in volume fractions of 0.05% (500 ppm), 0.05% and more than 3.5%, respectively. Industrial nitrogen was used as the carrier gas. Total flow into the reactor was controlled as 2000 mL·min−1, and the Gas Hourly Space Velocity (GHSV) was 30,000 h−1. Before each experiment point at different reaction temperature (T, °C), reaction gas was thoroughly mixed and flowed through the catalyst bed for 30 min to avoid the measurement error of concentration caused by gas adsorption. Catalytic deNOx activity of red mud was evaluated by the NOx conversion rate:


NOx Conversion(%) = [(NOx(inlet) − NOx(outlet))/NOx(inlet)] × 100%



(6)




where NOx(inlet) and NOx(outlet) signifies the inflow and outflow NOx (NO and NO2) concentrations which were measured by the MGA Flue Gas Analyzer (MRU Corporation, Neckarsulm, Obereisesheim, Germany).




4.4. Characterization of Catalysts


The component of samples was analyzed by X-ray Fluorescence (XRF) using the ZSX Primus II Analyzer (Rigaku Corporation, Tokyo, Japan). The crystal structure of samples was examined by X-ray Diffraction (XRD) using the D/max 2500 PC Diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with Cu Kα radiation with a wavelength of 0.154 nm. The samples were investigated in the 2θ range of 10–90° at a scanning speed of 1.2°·min−1, using the MDI Jade software to analyze phases. The Brunauer–Emmett–Teller (BET) specific surface area and pore volume of samples were determined by N2 isotherm adsorption-desorption using the ASAP2020 Surface Area and Porosity Analyzer (Micromeritics Corporation, Norcross, GA, USA). The microscopic morphology of samples was observed by scanning electron microscope (SEM) using the SUPRA 55 Instrument (ZEISS, Oberkochen, Germany). The calcining parameters were decided by Thermogravimetric Measurement (TG) using the TGA/SDTA851 Analyzer (Mettler Toledo, Zurich, Switzerland) under nitrogen atmosphere and a heating rate of 15 °C·min−1 from room temperature to 800 °C.



The NH3-TPD experiments were performed on a ChemAuto 2920 Instrument (Micromeritics, Norcross, GA, USA). First, 90 mg of sample were loaded on a quartz U-tube and heated from room temperature to 300 °C for an hour in argon atmosphere, then cooled to 50 °C. After blowing of argon for 30 min, 10 vol% NH3 (Ar balance) was switched on to complete the pre-absorption for 30 min and heated to 100 °C for 60 min with argon blowing. After the baseline was smooth, the NH3-TPD test was performed by heating the sample to 700 °C at 5 °C·min−1. The desorption amount was detected by the TCD detector. When the test finished, the argon atmosphere was switched on for natural cooling.





5. Conclusions


In this study, Bayer red mud from industrial waste was prepared as low-cost red mud-based catalyst to evaluate the performance of denitration with simulated coal-fired flue gas. It was proven that red mud was a feasible material for the NH3-SCR catalyst.



Compared with RM and alkali-removed RM, acid washing and calcining comprised a cost-effective treatment process for raw red mud, which reduced the alkali content and improved the catalytic activity of ARM at high temperatures. The increase of BET surface area was attributed to the unobstructed catalyst pore and the homogeneous particle morphology with dispersion.



In Ce/ARM, doping of Ce significantly enhanced NH3 adsorption from weak, medium and strong acid sites, reduced the crystallinity of α-Fe2O3 in ARM, optimized the specific surface area and broadened the active temperature window. The optimum doping amount was acquired by Ce0.3/ARM, in which the NOx conversion rate increased by an average of nearly 20% points between 250 and 350 °C, and the highest denitration efficiency reached 88% at 300 °C. The optimum conditions for the denitration reaction on Ce0.3/ARM catalyst were controlled as follows: GHSV of 30,000 h−1, O2 volume fraction of 3.5–4% and [NH3/NO] of 1.0.
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