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Abstract

:

Catalysts for the selective catalytic reduction (NOX SCR) of nitrogen oxides can be obtained from sludge in industrial waste treatment, and, due to the complex composition of sludge, NOX SCR shows various SCR efficiencies. In the current work, an SCR catalyst developed from the sludge produced with Fe/C micro-electrolysis Fenton technology (MEF) in wastewater treatment was investigated, taking into account various sludge compositions, Fe/C ratios, and contaminant contents. It was found that, at about 300 °C, the NOX removal rate could reach 100% and there was a wide decomposition temperature zone. The effect of individual components of electroplating sludge, i.e., P, Fe and Ni, on NOX degradation performance of the obtained solids was investigated. It was found that the best effect was achieved when the Fe/P was 8/3 wt%, and variations in the Ni content had a limited effect on the NOX degradation performance. When the Fe/C was 1:2 and the Fe/C/P was 1:2:0.4, the electroplating sludge formed after treatment with Fe/C MEF provided the best NOX removal rate at 100%. Moreover, the characterization results show that the activated carbon was also involved in the catalytic reduction degradation of NOX. An excessive Fe content may cause agglomeration on the catalyst surface and thus affect the catalytic efficiency. The addition of P effectively reduces the catalytic reaction temperature, and the formation of phosphate promotes the generation of adsorbed oxygen, which in turn contributes to improvements in catalytic efficiency. Therefore, our work suggests that controlling the composition in the sludge is an efficient way to modulate SCR catalysis, providing a bridge from contaminant-bearing waste to efficient catalyst.
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1. Introduction


Electroplating is widely used for the surface treatment of metals and plastics [1]. However, the electroplating industry produces a large amount of wastewater containing heavy metals (Ni, Cu, Cr, etc.) during the pretreatment or washing process [2]. If these components are not effectively treated, they will form some metal–organic complexes that are toxic and harmful to the environment [3]. Electroplating sludge (ES) is the sediment produced by the treatment of electroplating wastewater [4]. It has been reported that approximately 10 million tons of electroplating sludge is generated annually in China, with about 1.3 million and 150,000 tons generated in the USA and Europe, respectively [5,6]. As the various transition metals in electroplating sludge are also valuable elements, the handling of electroplating sludge has gradually evolved from simple landfill and coagulation treatment to the recovery of valuable metals from the sludge [7,8]. Therefore, the safety and recyclability of electroplating sludge have become current research hotpots. In addition, as a heavy metal sludge rich in iron, electroplating sludge is expected to be used in the construction of a new catalytic system.



Selective catalytic reduction (SCR) is the predominant catalytic method in industry, owing to its high applicability and broad compatibility [9,10]. The essence of this catalytic technology lies in the use of efficient and durable catalysts [11]. The majority of SCR catalysts possess an acidic surface, meaning that ammonia, as an alkali, is a strong adsorptive reducing agent. The adsorbed ammonia reacts with nitrogen oxides to form nitrogen [12,13,14,15]. To enhance the reaction efficiency, the iron-based material with carbon is commonly used as the catalyst carrier, which is due to its good thermal stability at medium to high temperatures, enhancing the low-temperature sulfur resistance and water resistance of catalysts [16,17,18]. Therefore, iron-based catalysts with carbon have been developed from waste sludge, which exhibit superior redox capabilities and acid sites, providing more surface active sites than conventional materials and enabling faster molecular transit through the pores [19].



Yu et al. [20] prepared an iron-based catalyst for SCR using iron from Fenton sludge (FS) and treated this sludge using acid leaching. Their research highlighted the role of oxygen-containing functional groups (-COOH, ·OH, etc.) present in Fenton sludge, which significantly improved the catalytic efficiency for NOX removal. Moreover, increasing the surface acidity of the catalyst can promote the adsorption of NH3, and the increased electronegativity of Fe3+ improves the activity and migration rate of Fe3+. Additionally, a study has demonstrated that catalysts prepared with activated carbon loaded with relevant heavy metals have good catalytic activity for NOX, and that they can achieve the catalytic degradation of NOX pollution gas at 300 °C [21]. Xu et al. [22] introduced active components into the catalyst materials, and the obtained carbon-based catalyst materials achieved a catalytic efficiency of more than 77% for 600 ppm of NO in the temperature range of 250–400 °C. Thus, these catalysts derived from micro-electrolytic sludge can potentially serve as low-cost and high-performance SCR catalysts.



However, the composition of sludge is very complex, which causes the efficiency of NOX degradation to vary. Electroplating sludge generally contains a variety of transition metal ions [23,24]. For example, as a byproduct of treating electroplating wastewater using Fe/C micro-electrolysis Fenton technology, this sludge contains Fe, Cu, Ni, Zn, and other elements. These elements can be synthesized into crystalline spinels, such as FeCr2O4, CuCr2O4, NiCr2O4, and ZnCr2O4, resulting in highly selective catalysts [25]. Furthermore, it has been demonstrated that adding the element P can further enhance the catalytic performance. For instance, Wang et al. [26] have revealed that the addition of phosphate promotes the low-temperature SCR induced by Cu/SAPO-34 catalysts. The introduction of P to the reaction induced more metal complexes and inhibited the adsorption of SO2 on the surface of the catalyst, thereby preventing the interaction of SO2 with active Cu2+ sites. Therefore, it is necessary to investigate the complex effect of the sludge composition in the SCR process.



Recent studies have shown that Fe/C micro-electrolysis Fenton technology (MEF) can also be used for treating organic wastewater containing heavy metals. The use of MEF in wastewater treatment often produces a large amount of sludge. The main components of these sludges usually include Fe, P, S, and other ions [27,28]. The sludge is commonly treated as electroplating sludge [4]. The utilization of MEF sludge for SCR catalyst has become a current research hotspot, which provide insights into how the complex composition of the solid-waste-derived catalyst contributes to NOX degradation.



NOX catalyst should include, among others, the following beneficial properties: (i) good NOX catalytic activity and N2 selectivity at temperatures of 100–300 °C [29]; (ii) good resistance to sulfur poisoning; (iii) good anti-water poisoning performance [30]; and (iv) good alkali resistance for metals, heavy metal poisoning. Alkali metals and heavy metals are prone to causing catalyst agglomeration, pore clogging, or the direct destruction of surface active sites, which in turn impair the catalyst’s redox performance and acidic sites. Future work on the mechanism of sulfur and water resistance would be worthwhile [31,32].



Therefore, this study explored the feasibility and effectiveness of re-engineering electroplating sludge into a NOX SCR catalyst through Fe/C micro-electrolysis Fenton technology. A bridge was established from sludge to a NOX SCR catalyst by introducing Fe/P content. Through simulation experiments, the preparation pathway for electroplating sludge-derived catalysts was identified by adjusting the concentration of electroplating wastewater, as well as the proportion of external components. Our work demonstrated the high efficiency of electroplated sludge-derived catalysts for NOX removal in NH3 SCR systems.




2. Results and Discussion


2.1. Effect of Fe/C Micro-Electrolysis Fenton Technology for Wastewater Removal


The application of Fe/C micro-electrolytic Fenton technology efficacy in the removal of total phosphorus (TP) and nickel (Ni) from Ni-plated wastewater has been evaluated by our research team [33]. As illustrated in Figure 1, the concentrations of TP and Ni exhibited a gradual reduction as the reaction time increased. Notably, the TP and Ni removal efficiencies were 100 and 78%, respectively, after 180 min of reaction. A subsequent rise in the solution’s pH and an increase in the Fe2+ corresponded with a decrease in TP and Ni concentrations. The integration of carbon into the reaction system stimulated electron transfer and accelerated the formation of Fe2+ during the Fe/C + H2O2 process, thereby improving the oxidation removal efficiency [34]. Moreover, the introduction of H2O2 led to the degradation of the Ni–EDTA structure due to ·OH oxidation, which then released Ni2+, facilitating its removal in the Fe/C + H2O2 system [35]. These free metal ions (Ni2+) are easily adsorbed and removed during Fe/C + H2O2.



The mechanism underpinning the removal of TP and Ni primarily involves adsorption, oxidation, and precipitation processes, as delineated by Equations (1)–(3) [36,37]. The Fe/C micro-electrolysis system generates Fe2+, which then reacts with H2O2 to form ·OH. At the same time, Fe2+ is oxidized to Fe3+ by H2O2. The hypophosphite in the system is oxidized into phosphate by ·OH, and the structure of Ni–EDTA is also oxidized by ·OH to form Ni2+. Finally, the Fe3+ generated in the system generates FePO4 due to the reaction with phosphate, so that the total phosphorus in the wastewater can be removed. The Ni2+ generated is mainly removed through adsorption and precipitation mechanisms.


H2PO2− +·OH→HPO2−→HPO2−→H2PO3−→H2PO4−



(1)






Ni–EDTA +·OH→Ni2+



(2)






PO43− + Fe3+→FePO4↓



(3)








2.2. Analysis of Components in Sludge


Figure S1 shows the XPS spectra of the composites precipitation, and the results indicate that the composites contain elements of P and Ni. Figure S1a shows that the P 2p XPS spectrum of two intense peaks centered at 133.00 and 133.74 eV correspond respectively to the P 2P3/2 and P 2p1/2 signals of POX [38]. Combined with XRD results, this also proves that the P in the precipitate is mainly in the form of PO43− [39]. The spectrum of Ni 2p was shown in Figure S1b, the Ni 2p spectrum of precipitates exhibits two well-defined peaks at 865.17 and 873.84 eV, corresponding respectively to the Ni 2p3/2 and Ni 2p1/2 of Ni2+, and accompanied by two respective satellite peaks at 861.90 and 879.60 eV [40]. In this work, sensible Fe 2p spectra could not be obtained with our X-ray source, due to the Ni LMM auger signal.




2.3. Comparison of SCR Catalytic Performance of Sludge with Different Compositions


Figure 2 shows the NOX catalytic degradation rates achieved utilizing electroplating sludge with different compositions. An increase in reaction temperature enhanced the catalytic degradation rate of the sludge composed of four varying ingredients. The compositions in terms of NOX removal rates were, in descending order, Fe/Ni/P/C, Fe/Ni/P, Fe/Ni, and Fe. When the sludge contained only Fe, the NOX removal rate increased from 9.33 to 35.04% as the temperature increased from 100 to 400 °C. When the ingredients of the sludge were Fe and Ni, there was no significant increase in NOX removal rate, and the NOX degradation efficiency was 12.07 and 44.29% at 100 and 400 °C, respectively. This indicates that the addition of Ni had little effect in terms of improving the catalyst’s activity and therefore had little effect on the NOX removal rate. These results are consistent with other reports [41].



On the other hand, the introduction of P into the sludge prompted, along with a temperature increase from 100 to 400 °C, an increase of NOX removal rate from 48.02 to 76.36%. This indicates that the catalytic activity was markedly improved by the addition of P. Phosphorus can also slow down the carbon build-up behavior on the surface of Ni-based catalysts by modulating the catalyst surface’s acidity [42]. This may be attributed to the fact that the P in electroplating sludge mainly occurs in the form of phosphate, which possesses excellent thermal stability, proton conductivity, ion exchange, and acidity, thereby accelerating the transfer of surface oxygen and the regeneration of active sites. Thus, it is conducive to NH3 activation and promotes the activity of NOX SCR [43]. When the sludge contained Fe, Ni, P, and C, the NOX removal rate was 67.42% at 100 °C. When the temperature rose to 300 °C, the NOX removal efficiency reached 98.65%. This indicates that the addition of carbon could potentially enhance the catalytic activity of the sludge as well as the activity of the catalyst at low temperatures. Xie et al. [44] believe that there is no direct link between the specific surface area of activated carbon and the denitrification performance of the NH3 SCR reaction. NOX adsorption is the first step in the SCR reaction, so the pore structure of the activated carbon may have an effect on the NH3 SCR reaction. In many catalytic areas, compared with microporous activated carbons, activated carbons with rich micro- and macroporous structures exhibit superior catalytic performance [45,46]. This can be attributed to the fact that micropores provide active sites, while mesopores and macropores reduce the diffusion resistance and increase the diffusion rates. Therefore, the effect of pore structure on the oxidation performance of NO is also worth investigating. As a result, the processed electroplating sludge composed of Fe/Ni/P/C has a high NOX degradation efficiency.




2.4. Comparison of SCR Catalytic Performance with Different Composition Ratios


2.4.1. Effect of P on SCR Catalytic Performance


As shown in Figure 3a, the concentration of P had a significant influence on the NOX degradation efficiency. For instance, when the temperature reached 400 °C, the NOX degradation rate was more than 95% at all P levels. When the P content was 3 wt% and the temperature was 300 °C, the NOX degradation rate could reach more than 95%, while, when the P content continued to increase to 4 wt%, the NOX degradation rate started to decrease at certain temperatures. Therefore, the best NOX degradation efficiency was achieved when the P content was 3 wt%. This may be due to the addition of P leading to the generation of adsorbed oxygen, the transfer of surface oxygen, and the acceleration of the regeneration of the active site [43].




2.4.2. Effect of Ni on SCR Catalytic Performance


The effect of the Ni composition on SCR catalytic performance is shown in Figure 3b, illustrating that variations in Ni content had almost no effect on the NOX removal efficiency regardless of the percentage of Ni when it ranged from 1 to 5 wt%. This was probably due to the low percentage of Ni2+ in Fe-dominated catalysts, which had less impact on the overall catalytic reaction. Zhao et al. [47] have revealed that the incorporation of Ni weakened the adsorption of NO in the Ni0.2Fe0.8/TiO2 framework. Combined with the NO TPD results, this study showed that the reduction of Fe also weakened the adsorption of NO. Therefore, it can be inferred that Fe is the adsorption site for NO, explaining why there was no significant change in the removal of NOX with an increasing content of Ni in this work.




2.4.3. Effect of Fe on SCR Catalytic Performance


As shown in Figure 3c, the activity of the catalyst increased slightly with an increase in iron content. When the iron content achieved 8 wt%, at 400 °C, the NOX degradation efficiency could reach 99.9%. Conversely, an increment of iron content to 10 wt% slightly decremented the NOX decomposition efficacy, presumably due to the agglomeration phenomena induced by the excessive iron content on the catalyst’s surface, thereby detrimentally impacting catalyst activity [48]. Yang et al. [49], in their study of the effects of Fe2O3 on the NH3 SCR-promoting activity of MoTiOX catalysts, showed that the presence of ferric oxide species increased the surface oxygen activity, thereby enhancing the SCR performance at lower temperatures. Moreover, Fe2O3 provided rich acid sites. Jin et al. [50] investigated the effects of different tungsten additions on the NH3 SCR activities of iron-based catalysts at medium-to-low temperatures. The XRD, SEM, and BET results indicate that defect sites and heterophase interfaces can significantly increase Fe2O3 and WO3 dispersion, consequently boosting the catalyst’s specific surface area and pore volume.





2.5. Effects of Iron-to-Carbon Ratio and Ni Plating Effluent Concentration on SCR Catalytic Performance


2.5.1. Effect of Different Fe/C Ratios on SCR Catalytic Performance


Both iron and carbon are important to micro-electrolytic systems, with Fe serving as the anodic material. When carbon was added to the wastewater in contact with iron, it resulted in the formation of a large number of microscopic primary cells, which catalyzed the degradation of NOX. This study investigated the effect of various Fe/C ratios (3:1, 2:1, 1:1, 1:2, and 1:3) on the catalytic degradation of NOX. Our findings indicate that, under conditions where the P content in the wastewater was roughly 2500 ppm, the catalyst exhibited the highest rate of NOX decomposition at an Fe/C ratio of 1:2, achieving full decomposition at 400 °C (Table 1a and Figure 4a). The content of Fe in the plating sludge was 16.2%, while the content of P was 7.5% at 400 °C. When the Fe/C ratio was adjusted to 1:3, the NOX catalytic degradation efficiency decreased. This may have been due to the low level of C in the Fe/C micro-electrolysis system, which impaired the progress of the cell reaction. When the Fe/C ratios were 1:1, 2:1, and 3:1, the primary cells were saturated and the excess iron ions accumulated in the primary cells led to the depletion of ·OH in the system, thus making the catalytic degradation of NOX inefficient [51]. Therefore, the sludge product formed had the highest NOX degradation efficiency at an Fe/C ratio of 1:2.




2.5.2. Effect of Pollutant Concentration on the Catalytic Performance of SCR


Table 1b and Figure 4b show that, with an increase in P concentration in pollutants, the amount of P in the product gradually increased and the amount of Fe gradually decreased. When the P concentration reached 2000 ppm in the pollutant, the highest NOX degradation efficiency was achieved, with 100% degradation. At this P concentration, the Fe content of the electroplated sludge was 15.6% and the P content was 6.2%. It is important to note that extremely high or low concentrations of P can negatively affect the catalytic efficiency of NOX. This can be explained by the fact that, when the Fe content/P content is close to 8/3 wt%, the product has a large specific surface area, which is good for the degradation of NOX. Thus, when the Fe/C ratio was 2:1 and the P concentration in the Ni-plated wastewater was 2000 ppm, the product formed after treatment with Fe/C micro-electrolysis Fenton technology was most favorable for NOX degradation.





2.6. Microstructural Transformation of Sludge Catalyst


The changes in gas-phase components before and after reaction are shown in Table 2a. The decrease in carbonaceous content within the sludge suggests that carbon components participated in the reduction and decomposition of NO, which is similar to the role of the reducing agent in the general catalytic decomposition process of NO. As listed in Table 2a, NO was completely removed except at 300 °C, which could be attributed to an excessively high gas hourly space velocity. The predominant gaseous products were N2 and CO2, with trace amounts of N2O (only at 300 °C) and CO.



To elucidate the influences of Fe, Ni, and P on the morphology of catalysts, SEM analysis was performed on Fe8/P4/Ni/C and Fe10/P5/Ni/C catalysts. The SEM results reveal that the surface size of the Fe8/P4/Ni/C catalyst particles was uniform with an excellent particle dispersion, as depicted in Figure 5a,b. In comparison, the Fe10/P5/Ni/C sample exhibited an irregular surface particle size (Figure 5c), large particle size, and visible surface reunification (Figure 5d), indicating that the excessive loading of Fe/P led to a reduction in the specific surface area of the catalyst.



The XRD spectra of the crystal phase structure of Fe8/P4/Ni/C samples before and after the catalytic reaction are shown in Figure S2a. The visible diffraction peaks at 2θ of 12.4°, 22.3°, 25.4° and 26.2° correspond to FePO4 patterns of (101), (200), (012), and (210) respectively, in accordance with the standard (JCPDS: No. 84-0876). The visible diffraction peaks at 2θ of 35.2°, 42.7°, 58.1° and 62.7° correspond to Fe2O3 patterns of (311), (511), (400) and (440), respectively, in accordance with the standard (JCPDS: No. 47-1409). However, after a prolonged reaction, the FePO4 phase in the catalyst weakened and the strongest peak gradually changed to Fe3O4. This was reflected by the visible diffraction peaks of Fe3O4 (JCPDS: No. 89-0688) at 2θ of 27.3°, 44.1°, 63.3° and 65.8°, which correspond to (220), (511), (322) and (533), respectively. This indicates a significant reduction of the iron valence state in the catalyst after the reaction. This phenomenon could be interpreted as FePO4 exhibiting good redox properties, which enables it to have a potent oxygen enrichment effect, consequently elevating the redox potential of the catalyst surface and ultimately improving the catalytic degradation of NOX [52].



As can be seen from Table 2b, the specific surface areas of the products with different P and iron contents, in descending order, were Fe/Ni/C, Fe6/P4/Ni/C, Fe6/P3/Ni/C, Fe8/P4/Ni/C, Fe10/P4/Ni/C, and Fe6/P5/Ni/C. Upon the introduction of P, the specific surface area of the FeX/PX/Ni/C system began to gradually decrease. This was probably because of the formation of phosphates on the catalyst’s surface, subsequently leading to the blockage of pore channels, which in turn led to a decrease in specific surface area. When the P content reached 4 wt%, with an increase in Fe content, the total pore volume and average pore diameter of the sample gradually increased, while the specific surface area gradually decreased. Combined with the SEM results, the particle distribution on the sample surface appeared non-uniform, and agglomeration occurred, which can be attributed to a decrease in specific surface area and an increase in pore volume and pore diameter. As demonstrated by the assessment of catalyst activities, the addition of certain elements, such as P and iron, to the catalyst was not directly linked to improvements in the surface properties of the catalyst. Upon combining the physical adsorption and desorption curves with the pore size distribution curves of the Fe8/P4/Ni/C sample N2 in Figure S2b, it is observed that the catalytic reaction is well aligned with a type IV isothermal adsorption and desorption curve [53]. The pore size distribution of the catalysts is mainly in the range of 2–50 nm, so the electroplated sludge-derived catalysts can be categorized as mesoporous materials.




2.7. Mechanism Discussion


TPD was used to investigate the types of adsorption centers on the catalyst surface. Figure 6a shows the distribution of acidic sites on the surface of Fe, Fe/Ni, and Fe/Ni/P/C samples. The NH3 TPD curve shows that, at 100 °C, there was a clear desorption peak for Fe/Ni/P/C samples, which can be attributed to the desorption of NH3 by the carboxylic acid groups present on the carbon surface of the sample. There was also a strong desorption peak at around 270 °C, representing the acidic site of NH3. It is notable that the Fe/Ni/P/C sample also has an NH3 desorption peak at around 400 °C, suggesting that the introduction of Fe might have generated Lewis acidic sites [54,55].



Figure 6b shows the curves of NH3 desorption from Fe/Ni/P/C catalysts at around 270 °C. It can be seen that, as the amount of P doping increases, the adsorption capacity of NH3 decreases significantly. In addition, as the P content increases, the desorption peak shifts to lower temperatures. It has been reported that P doping can increase the acidity of samples by increasing the number of Brønsted acidic sites [56]. It has also been documented that P doping can reduce the Lewis acidic sites and increase Brønsted acid sites. The adsorption of NH3 on Lewis acid sites is more stable than that on Brønsted acid sites and therefore requires a higher-temperature desorption [57]. Figure 6c shows the NO2 TPD curve of the sample before and after the catalytic reaction, clearly indicating the loss of active adsorption sites following the catalytic degradation reaction.



The comprehensive characterization results show that the main gas products of NOX catalyzed by the electroplating sludge-derived catalyst system, after Ni-plating wastewater treatment with Fe/C micro-electrolysis Fenton technology, are CO2 and N2, essentially adhering to the conservation of N and O. The degradation pathways may be as follows: NH3 was adsorbed in the Lewis acid. Then, the intermediate NHX + NOX was generated by direct reaction with gaseous NO and NO2 through the Eley–Rideal (E–R) mechanism. Finally, it was decomposed into N2 and H2O, enabling the catalytic degradation of NOX [58,59]. In this work, the schematic of the reaction is shown in Figure 7.





3. Experimental Section


3.1. Materials


The materials used in this experiment include the following: iron chips (Fe, 99.5%, 100 mesh); activated carbon (AC, granular, spherical, coconut shell); hydrogen peroxide (H2O2, 0.5 mol/L, AR); potassium persulfate (K2S2O8, AR); calcium hydroxide (Ca(OH)2, AR); sodium hydroxide (NaOH, AR); ammonium molybdate tetrahydrate ((NH4)2MoO4, AR); nitric acid (HNO3, AR); potassium dihydrogen phosphate (KH2PO4, AR); and hydrochloric acid (HCl, AR); nitrogen (N2, 500 ppm); ammonia (NH3, 10%); nitric oxide (NO, 500 ppm); argon (Ar, 99.9992%); oxygen (O2, 99.9999%); helium (He, 99.9992%).




3.2. Preparation of Sludge-Derived Catalyst


Initially, the scrap iron was immersed in a 10% sodium hydroxide solution for 2 h to remove surface grease, followed by a 30 min soak in a 5% hydrochloride acid solution to remove the surface oxidation products. Subsequently, the iron was rinsed with deionized water until a neutral pH was attained. Electroplating wastewater and argon gas were then introduced into the reactor, with the controlled addition of H2O2 via a peristaltic pump. Additionally, iron powder, activated carbon, and sodium phosphate were introduced into the Ni sulfate solution to adjust the composition of the sludge. The ratio of sludge composed of P, Ni, and Fe, as well as the concentration of electroplating wastewater were adjusted to obtain varied catalysts, while maintaining the total mass of Fe and activated carbon content constant. Furthermore, the ratio of exogenous components was manipulated to achieve catalysts with different elemental compositions. After 3 h of treatment, the electroplating sludge was collected using centrifugal separation. Following drying, the sludge was calcined in a muffle furnace at 300 °C for 6 h to eliminate volatile substances and increase the fixed carbon content, producing the final sludge catalyst.



The sludge produced through the Fe/C micro-electrolysis Fenton treatment of Ni-plated wastewater primarily contained P, Ni, C, and Fe. The mass content (Fe, Ni, C, P) of all tested catalysts in this work are shown in Table 3. The content of Fe, P, C and Ni listed in Table 3 are theoretical concentrations of elements.




3.3. SCR Catalysis


SCR catalysts were prepared using electroplating sludge. Ammonia, serving as a reducing agent, demonstrated strong affinities, as shown in Equations (4)–(7). The apparatus for the NOX gas catalytic decomposition and monitoring is depicted in Figure 8. The SCR reactor was made of quartz glass with a 500 mm length and a 4 mm inner diameter. Mess flow were used to control inflow gases, including 30.0 mL/min of NO (500 ppm), 0.3 mL/min of NH3 (10%), 1.0 mL/min of O2 (99.9999%), and 1.0 mL/min H2O (5%). The gas hourly space velocity (GHSV) was adjusted to 14,400 h−1.



The detailed operational steps are as follows: The dried catalyst samples whose preparation is described in Section 3.2 were milled to a particle size of 100 mesh. A powder form catalyst sample weighing 0.1 g was added to the glass reaction tube, which was connected to the reactor. For a duration of 30 min prior to the commencement of the reaction, the apparatus and associated piping were purged with Ar. Subsequently, the valves controlling the flow of NO and NH3 were opened, with the flow rate of NO set at 30 mL/min. When the incoming nitrogen was diluted to 51.2 ppm with the incoming Ar gas, the monitoring and heating were then commenced according to the set temperature. The gas NO, O2, and NH3 were passed into the quartz tube for catalytic reaction at a certain ratio and flow rate, making the response airspace (GHSV) reach 14,400 h−1. The ratio of NO and NH3 was calculated to maintain a 1:1 concentration, each accounting for 0.1% of the total gas volume. Once the NO, NH3 and O2 flowed into the reactor and stabilized, the NO concentration was monitored using a NO–NO2–NOX analyzer. By tracking the NO concentration in real time, the concentration of NOX at different temperatures was recorded, and the NOX removal efficiencies at each temperature were calculated to evaluate the catalytic performance of the catalyst product.


4NO + 4NH3 + O2→4N2 + 6H2O



(4)






6NO + 4NH3→5N2 + 6H2O



(5)






2NO + 4NH3 + O2→3N2 + 6H2O



(6)






NO + NO2 + 2NH3→2N2 + 3H2O



(7)








3.4. Characterization


A UV spectrophotometer (UV, Techcomp Instrument Ltd., Shanghai, China) was utilized to determine the concentrations of various substances before and after the reaction. The pH of the solution was measured using a pH meter (INESA Scientific Instrument Co., Ltd., Shanghai, China). The phosphate content in the sample was determined using an ion chromatograph (MIC, Oudrey Industrial Equipment Co., Ltd., Shanghai, China). The composition of the sludge was determined through X-ray fluorescence spectrometer (XRF, Verder Instruments and Equipment Co., Ltd., Shanghai, China) and the elemental valence was measured by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Shanghai, China). Scanning electron microscopy (SEM, JEOL Ltd., Tokyo, Japan) was used to study the surface composition and morphology of the sludge and X-ray diffraction (XRD, Rigaku CO., Tokyo, Japan) analysis was used to determine the crystal phase and its oxidation state before and after the sample reaction. The scanning rate was set to 8°/min in the 2θ range of 5–90° and Brunauer–Emmett–Teller (BET, Thermo Fisher Scientific, Shanghai, China) analysis was conducted to determine the specific surface area and pore size of the sample. The NH3 temperature-programmed desorption (TPD) curves of samples containing different concentrations of substances were studied using TPD (Verder Instruments and Equipment Co., Ltd., Shanghai, China).





4. Conclusions


In this study, a derivative catalyst was prepared using Fe/C micro-electrolysis Fenton technology, using electroplating sludge generated after the treatment of electroplating wastewater. The catalyst was utilized to examine the effect of the components of electroplating sludge on the catalytic efficiency of NOX, and then to determine the pathway for the preparation of electroplating sludge-derived catalysts by adjusting the concentration of electroplating wastewater, as well as the proportion of external components. The results show that, when the sludge contained the four components of Fe, P, Ni, and C, the contents of P and Fe in the ingredients were 3 and 8 wt%, respectively; Fe:C = 1:2 and Fe/C/P was 1:2:0.4; the NOX removal rate could reach 100%; and that there was a wide decomposition temperature zone. Moreover, a series of characterizations (SEM, XRD, BET, TPD) showed that the introduction of P and Fe to improve the denitrification activity of the catalyst was not directly related to the specific surface area, pore volume, and pore diameter of the catalyst. An excessive Fe content may cause agglomeration on the catalyst surface and thus affect the catalytic efficiency. The addition of P decreased the catalytic reaction temperature, and the formation of phosphate promoted the production of adsorbed oxygen, thereby improving catalytic efficiency. The above results demonstrate the potential of electroplating sludge as a NOX SCR catalyst. However, at present, the catalytic degradation of NOX by electroplating sludge is still in the experimental stage. In the future, it can further research the catalysis of electroplating sludge generated by actual wastewater.
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Figure 1. Fe/C + H2O2 treatment of electroplating wastewater effluent in (a) TP, Ni, and Fe2+ and (b) pH change. 
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Figure 2. The effect of composition on NOX removal efficiency. 
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Figure 3. The effects of (a) P, (b) Ni, and (c) Fe on NOX removal efficiency. 
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Figure 4. The effects of (a) Fe/C and (b) P concentration in the pollutants on NOX removal efficiency. 
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Figure 5. SEM images of (a) Fe8/P4/Ni/C (10.0 μm); (b) Fe8/P4/Ni/C (1.0 μm); (c) Fe10/P5/Ni/C (10.0 μm); and (d) Fe10/P5/Ni/C samples (1.0 μm). 
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Figure 6. (a) The NH3 TPD curves of Fe, Fe/Ni and Fe/Ni/P/C; (b) the NH3 TPD curves of Fe/Ni/P/C samples with different P contents; and (c) the NO2 TPD curves of the sample before and after reaction. 
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Figure 7. Schematic of the reaction. 
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Figure 8. The NOX catalytic experimental device and technological process. 
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Table 1. (a) The content compositions of iron and P in products after reactions with different iron/carbon ratios. (b) The content compositions of iron and P in products after reactions with different pollutant concentrations.
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(a)




	
Fe/C ratio

	
Fe content (wt%)

	
P content (wt%)




	
Fe:C = 1:3

	
12.60

	
9.60




	
Fe:C = 1:2

	
16.20

	
7.50




	
Fe:C = 1:1

	
20.30

	
5.10




	
Fe:C = 2:1

	
21.50

	
4.20




	
Fe:C = 3:1

	
21.60

	
4.30




	
(b)




	
P concentration in wastewater (ppm)

	
Fe content in the product (wt%)

	
P content in the product (wt%)




	
500

	
18.60

	
3.40




	
1000

	
17.10

	
4.30




	
1500

	
16.20

	
5.10




	
2000

	
15.60

	
6.20




	
2500

	
15.00

	
7.50




	
3000

	
14.50

	
8.30











 





Table 2. (a) The changes in gas-phase composition at different reaction temperatures (GHSV = 14,400 h−1). (b) The BET-specific surface area and pore size of Fex/Py/Ni/C samples.
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(a)




	

	
NO

	
N2

	
CO2

	
CO

	
N2O

	
Nt

	
Ot




	
R.T

	
51.30

	
--

	
--

	
--

	
--

	
51.30

	
51.30




	
300 °C

	
15.60

	
19.10

	
13.30

	
0.14

	
1.43

	
55.95

	
42.38




	
400 °C

	
--

	
23.17

	
22.50

	
2.06

	
--

	
46.11

	
47.25




	
500 °C

	
--

	
26.02

	
24.50

	
0.62

	
--

	
51.86

	
49.52




	
(b)




	
Sample

	
Specific surface area (m2/g)

	
Total pore volume (cm3/g)

	
Average pore size (nm)




	
Fe/Ni/C

	
47.70

	
0.04

	
18.5




	
Fe6/P3/Ni/C

	
37.9

	
0.10

	
21.3




	
Fe6/P4/Ni/C

	
40.1

	
0.15

	
23.6




	
Fe6/P5/Ni/C

	
32.7

	
0.18

	
26.9




	
Fe8/P4/Ni/C

	
35.8

	
0.20

	
29.6




	
Fe10/P4/Ni/C

	
33.6

	
0.25

	
31.8








“--”: not detected. Total N (Nt) = NO + 2N2 + 2N2O; total O (Ot) = NO + 2CO2 + CO. In theory, Nt = Ot = initial NO concentration (51.30 ppm).













 





Table 3. The mass content (Fe, Ni, C, P) of all tested catalysts.






Table 3. The mass content (Fe, Ni, C, P) of all tested catalysts.





	Catalysts
	Fe (wt%)
	P (wt%)
	C (wt%)
	Ni (wt%)





	Fe/Ni/C
	1.00
	--
	1.00
	1.00



	P1/Fe/Ni/C
	1.00
	1.00
	1.00
	1.00



	P2/Fe/Ni/C
	1.00
	2.00
	1.00
	1.00



	P3/Fe/Ni/C
	1.00
	3.00
	1.00
	1.00



	P4/Fe/Ni/C
	1.00
	4.00
	1.00
	1.00



	Ni1/Fe/P/C
	1.00
	3.00
	1.00
	1.00



	Ni2/Fe/P/C
	1.00
	3.00
	1.00
	2.00



	Ni3/Fe/P/C
	1.00
	3.00
	1.00
	3.00



	Ni4/Fe/P/C
	1.00
	3.00
	1.00
	4.00



	Ni5/Fe/P/C
	1.00
	3.00
	1.00
	5.00



	Fe2/Ni/P/C
	2.00
	3.00
	1.00
	1.00



	Fe4/Ni/P/C
	4.00
	3.00
	1.00
	1.00



	Fe6/Ni/P/C
	6.00
	3.00
	1.00
	1.00



	Fe8/Ni/P/C
	8.00
	3.00
	1.00
	1.00



	Fe10/Ni/P/C
	10.00
	3.00
	1.00
	1.00







“--”: not added.
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