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Active components reloading is critical process for the catalyst regeneration, which is limited by the low adsorption capacity and unwilling distribution of desired components to the catalyst surface. Herein we demonstrated that with dimethyl formamide(DMF) modification and sequentially reloading of vanadium, the traditional V-Ti SCR catalyst, which uses vanadium as the active components and titanium as the carrier, showed the significantly improved DeNOx performance, owing to the increased adsorption capacity and desired distribution of vanadium. When the DMF concentration was 6%, the adsorption capacity of the promoted catalyst was 3.58 and 6.57 mg/g under vanadyl ion concentrations of 1.5 and 3 g/L, respectively, 135 and 147% higher than that of the original catalyst. Adsorption kinetics demonstrated that the pseudo-second-order kinetic model better describes the process by which vanadyl ions adsorb onto the catalyst. In addition, the adsorption equilibrium indicated that Langmuir model was a closer fit for the vanadyl ion adsorption to the promoted catalyst. After DMF modification, the vanadyl ions were first adsorbed onto the functional groups on the catalyst surface, substantially increasing the vanadium loading on the catalyst surface while limiting the increase in vanadium content within the interior of catalyst, which was conducive to enhancing the DeNOx activity and reducing the increase in the SO2/SO3 conversion. When the vanadium adsorption capacity was 3.5 mg/g, the increase in the DeNOx activity of the promoted catalyst was 68.1% higher than that of the original catalyst, whereas the increase in SO2/SO3 conversion was 28.9% lower than that of the original catalyst. Thus, in the regeneration of SCR catalysts vanadium initial concentration and loading could be reduced.
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INTRODUCTION
The catalyst is the core of selective catalytic reduction (SCR) flue gas denitrification (DeNOx) technology, and catalyst performance directly determines the stability of DeNOx efficiency in SCR DeNOx systems. The optimal operating temperature of SCR catalysis is 300–400°C (Busca et al., 1998; Forzatti, 2001). In the DeNOx process, the catalyst is typically placed between the economizer and air preheater. The high ash content at this position causes problems such as 1) catalyst poisoning caused by various elements (alkali metals, alkaline Earth metals, and heavy metals) contained in coal (Kong et al., 2015a; Kong et al., 2015b; Kong et al., 2019; Yao et al., 2020; Zhang et al., 2020); 2) catalyst clogging and attrition ascribable to the deposition of fly ash, including large particles (Tanno et al., 2010); 3) catalyst sintering attributable to prolonged high-temperature operations (Xi et al., 2020); 4) volatilization of active components caused by chlorine ions in flue gas (Xiong et al., 2020); and 5) mechanical wear. These problems explain the relatively short lifespan of SCR catalysts in industrial applications (3–4 years). The lifespan of such catalysts can be extended through regeneration, which is also an effective method for handling deactivated SCR catalysts.
Numerous studies on the washing and regeneration of deactivated catalysts have been conducted (Khodayari and Ingemar Odenbrand, 2001; Khodayari and Odenbrand, 2001; Yu et al., 2013; Peng et al., 2015; Li et al., 2016). The active component, vanadium oxide (V2O5), may be lost during the washing process, and SCR catalysts also lose some V2O5 during their operation. Therefore, SCR catalysts must be supplemented with active components after washing. Furthermore, for the purpose of simultaneous Mercury oxidation or full load DeNOx improvement, active components must be reloaded into the catalysts (Song et al., 2018a; Song et al., 2018b). Because SCR catalysts are all monolithic catalysts, reloading the active components through incipient wetness impregnation is challenging. Instead, the active components must be loaded through excessive impregnation. In this context, the core problem concerns how to improve the adsorption of metal ions by SCR catalysts in the solution. Moreover, SCR reactions are associated with the wall thickness of catalysts; studies have reported that SCR reactions occur only within 0.1 mm thin layer of the catalyst wall due to the high reaction rate, whereas side reactions, such as sulfur dioxide (SO2) oxidation occur within the entire catalyst wall (Tronconi et al., 1994; Orsenigo et al., 1996; Dunn et al., 1998; Tronconi et al., 1999; Forzatti et al., 2000; Jiang et al., 2019). Therefore, precisely controlling the loading of active components may be beneficial to the SCR process.
Research on wastewater treatment reveals that mineral materials have excellent adsorption capacity for metal ions. Moreover, the exposure of numerous active groups (e.g., hydroxyl groups) on mineral surfaces enables bonding with ions. Various researchers have modified mineral particles to increase the surface functional groups such that the adsorption capacity of metal ions by mineral materials can be enhanced. In one study, a silane coupling agent was allowed to react with and bond to active groups on the surface of mineral powder (Yuan et al., 2013) The general chemical formula of the silane coupling agent is (OR)3Si-R2-R1, where R1 is used to increase the adsorption capacity of pollutants and R2 is used to promote contact between pollutants and adsorption sites through structural modifications. For example, Addy (Addy et al., 2012) bonded a silane coupling agent with a chelating functional group on the surface of montmorillonite, notably improving the adsorption capacity of montmorillonite to heavy metal cations under acidic conditions. Luo (Luo et al., 2014) modified hydrocarbyl groups on the surface of perlite into amino functional groups, substantially enhancing the adsorption capacity of humic acid.
The carrier of SCR catalysts is titanium dioxide, which is rich in hydroxyl groups on the surface. Therefore, in this study, dimethyl formamide (DMF) was introduced to the surface of the SCR catalyst, improving its adsorption of active components as well as DeNOx activity.
MATERIALS AND METHODS
The SCR catalyst used herein was provided by Zhejiang Zheneng Catalyst Co., Ltd. The catalysts had a honeycomb structure with an inner wall thickness of 0.7 mm, a pore diameter of 6.1 mm, and 22 × 22 catalyst pores. The catalyst was cut into unit blocks of 50 mm × 50 mm × 200 mm for experimental use.
To prepare an organic solution, a certain volume of DMF was accurately weighed and placed into deionized water to configure different concentrations of solutions(2, 4, 6, 8, 10%), after which it was stirred continuously for 6 h at 60°C. Subsequently, the SCR catalyst unit block was ultrasonically cleaned for 20 min, dried at 120°C for 2 h, and then immersed into the organic solution under ultrasonication at 60°C for 2 h. Subsequently, the catalyst was dried at 80°C for 12 h, becoming a promoted (DMF modified) SCR catalyst.
Certain amounts of ammonium metavanadate and oxalic acid were accurately weighed and placed into deionized water to configure different concentrations of solutions(1.5 g/L, 3 g/L), stirred thoroughly over 2 h at 60°C. This solution was set aside for later use. The molar ratio of ammonium metavanadate and oxalic acid was 1:2. The mixed aqueous solution reacted at 60°C, and the color changed from yellow (VO2+) to green and finally to dark blue (VO2+). Subsequently, the original and promoted SCR catalysts were placed into the ammonium metavanadate solution at a certain concentration to absorb vanadyl ions at a certain temperature and time. Afterward, the catalysts were dried at 120°C for 6 h before being calcined in a muffle furnace for 5 h at 400°C. This process yielded reloaded SCR catalysts.
Using a test bench for evaluating the performance of monolithic catalysts, the DeNOx activity and SO2/SO3 conversion of the catalysts were examined.
For the DeNOx activity, the formula is as follows:
[image: image]
Where k is the DeNOx activity, m/h; Vf is the flow rate through the monolithic catalyst, m3/h; Sc is the superficial area of the monolithic sample, m2; η is the efficient of DeNOx, %.
To analyze the adsorption of vanadyl ions by the SCR catalysts, the concentration of vanadyl ions in the vanadium solution was determined before and after adsorption through inductively coupled plasma optical emission spectrometry. The formula for calculating the adsorption capacity of the SCR catalysts is as follows:
[image: image]
where qe is the equilibrium loading of the SCR catalysts (mg/g); C0 and Ce are the initial and equilibrium concentrations of vanadyl ions in the solution (mg/L), respectively; V is the volume of the vanadyl ion solution (L); and m is the mass of the SCR catalysts (g).
RESULTS AND DISCUSSION
Effect of DMF Concentration
As shown in Figure 1, without DMF modification, the adsorption capacity of the original catalyst for vanadyl ions was relatively low, at 1.52 and 2.66 mg/g for vanadyl ion concentrations of 1.5 and 3 g/L, respectively. This indicates that vanadyl ion adsorption before catalyst modification was primarily dependent on weak chemical adsorption and physical adsorption. With the increase in the concentration of the organic solution, the adsorption capacity of the promoted SCR catalyst on vanadyl ions increased gradually, peaking when the DMF concentration was 6%. The adsorption capacities of the promoted catalysts at vanadyl ion concentrations of 1.5 and 3 g/L were 3.58 and 6.57 mg/g, respectively, 135 and 147% higher than those of the original catalyst, and the adsorption capacity of the promoted catalysts was substantially improved. However, when the organic solution concentration exceeded 6%, the adsorption capacity of the promoted catalyst decreased with increasing concentration. This indicated that there are optimum conditions for DMF modification, which are closely related to the modification process. As the concentration of organic compounds in the solution increased gradually, the number of organic functional groups anchored to the catalyst surface also increased gradually, thereby increasing the number of adsorption sites on the catalyst surface. However, when the number of anchored groups passed the optimum value, the interaction between groups may occurs, perhaps hindering the capture of vanadium ions.
[image: Figure 1]FIGURE 1 | Effect of DMF concentration on adsorption of vanadium ion (vanadium ion concentration: 1.5 g/L and 3 g/L, adsorption temperature: 50°C, adsorption time: 2 h).
Effect of Adsorption Time
According to Figure 2, under three different initial vanadyl ion concentrations, the adsorption capacity of vanadyl ions on the original and promoted catalysts increased rapidly and then slowed gradually, reaching an adsorption equilibrium. The rate by which vanadyl ions were adsorbed onto the catalyst accelerated, and the higher the initial concentration of vanadyl ions was, the steeper the initial adsorption curve and the greater the adsorption capacity became. Regarding the original catalyst, the higher the initial concentration of vanadyl ions was, the less time it took for the adsorption equilibrium to be reached. When the vanadyl ion concentrations were 0.5 and 2.5 g/L, 60–90 min elapsed before the adsorption capacity exceeded 90%. When the vanadyl ion concentration was 5 g/L, the adsorption capacity exceeded 90% in 30 min. The above phenomena could be explained as follows: when the vanadyl ion concentration was high, the diffusion rate was faster; therefore, the adsorption equilibrium was reached in a shorter time.
[image: Figure 2]FIGURE 2 | Effect of time on vanadium ion adsorption (A) original catalyst (B) promoted catalyst(vanadium ion concentration: 0.5, 2.5, 5 g/L adsorption temperature: 50°C, DMF concentration: 6%).
Effect of Adsorption Temperature
Figure 3 displays the effect of adsorption temperature on the adsorption of vanadyl ions onto the catalysts. The adsorption temperatures were 20, 35 and 50°C. At all concentrations and temperatures, the equilibrium adsorption capacity of the promoted catalyst for vanadyl ions was considerably higher than that of the original catalyst. This indicated that the promoted catalyst increased the number of functional groups on the catalyst surface and stimulated the adsorption of vanadyl ions on the catalyst, thereby facilitating the reloading of active components during catalyst regeneration. The adsorption capacity of the catalyst to vanadyl ions increased as the initial vanadyl ion concentration increased, but the rate of increase began to slow when the concentration of vanadyl ions was 3–5 g/L. Moreover, the adsorption capacity of both catalysts increased with the temperature. When the vanadyl ion concentration was 2.5 g/L, as the temperature increased from 20 to 50°C, the adsorption capacity of vanadyl ions on the original catalyst increased from 1.81 to 2.47 mg/g (a 36.5% increase), whereas the adsorption capacity of the promoted catalyst for vanadyl ions increased from 3.31 to 5.75 mg/g (a 73.7% increase). This result demonstrated that temperature had a stronger effect on the adsorption of the promoted catalyst than on that of the original catalyst. A plausible explanation is that the adsorption of vanadyl ions onto a catalyst is an endothermic process, and with the increase in temperature, the migration rate of vanadyl ions in water increases, thereby improving the adsorption of vanadyl ions by the catalyst (Wang et al., 2013).
[image: Figure 3]FIGURE 3 | Effect of temperature on vanadium ion adsorption (A) original catalyst (B) promoted catalyst (adsorption time: 2 h, DMF concentration: 6%).
Adsorption Kinetics
A kinetic model of adsorption was fitted to the experimental adsorption data. For analysis, the reaction-based pseudo-first-order and pseudo-second-order kinetic models (Ren et al., 2020) and the Weber–Morris intraparticle diffusion model were employed for analysis.
The pseudo-first-order kinetic model is expressed as follows:
[image: image]
where qe is the equilibrium adsorption capacity of the adsorbent (mg/g); qt is the adsorption capacity at the adsorption time t (mg/g); and k1 is the adsorption rate constant of the pseudo-first-order kinetic equation (mg/gmin).
The pseudo-second-order kinetic model equation can be expressed as follows:
[image: image]
where k2 is the equilibrium rate constant of the pseudo-second-order kinetic equation (mg/gmin).
The calculated values of the kinetic parameters and the corresponding coefficient of determination (R2) are shown in Tables 1, 2. Figures 4, 5 present the fitting results of the pseudo-first-order and pseudo-second-order kinetic models achieved under various types of catalysts and various initial vanadyl ion concentrations. The data were better fitted to the pseudo-second-order kinetic model, indicating that the adsorption rate was proportional to the square of the unconsumed adsorption sites (Gao et al., 2014).
TABLE 1 | Kinetics parameters for the adsorption of vanadium ion onto original catalyst.
[image: Table 1]TABLE 2 | Kinetics parameters for the adsorption of vanadium ion onto promoted catalyst.
[image: Table 2][image: Figure 4]FIGURE 4 | Nonlinear fits of pseudo-first order and pseudo-second order kinetics models for vanadium ion adsorption by original catalyst. (A) Pseudo first-order model fitting; (B) Pseudo second-order model fitting.
[image: Figure 5]FIGURE 5 | Nonlinear fits of pseudo-first order and pseudo-second order kinetics models for vanadium ion adsorption by promoted catalyst. (A) Pseudo first-order model fitting; (B) Pseudo second-order model fitting.
In general, adsorption kinetics can be controlled by one or more steps, including: 1) bulk diffusion, the migration of vanadyl ions from the bulk solution to the boundary layer around the catalyst; 2) interparticle diffusion, the diffusion of vanadyl ions from the boundary layer to the external catalyst surface; 3) intraparticle diffusion, the diffusion of vanadyl ions to internal sites of the catalyst; and 4) surface adsorption, the adsorption of vanadyl ions to external and internal surfaces of the catalyst through physical and chemical adsorption or surface complexation. In general, surface adsorption may have faster reaction rate while interparticle or intraparticle diffusion exhibit lower rates. To verify this speculation, the adsorption process of vanadyl ions was fitted and analyzed using the Weber–Morris intraparticle diffusion model, which can be presented as follows:
[image: image]
where ki is the intraparticle diffusion rate constant (mg/gmin0.5) and C is the adsorption constant. When the adsorption data fit the intraparticle diffusion model, the curve of qt to t0.5 is a straight line. If the regression line of qt to t0.5 is a single straight line and passes through the origin, this means that the adsorption process is mainly controlled by intraparticle diffusion. (Hu et al., 2014) By contrast, if multiple straight lines are observable, multiple processes such as intraparticle and interparticle diffusions have a strong effect on catalyst adsorption. (Li et al., 2013) The fitting results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Fitting curve of the intraparticle diffusion model for the adsorption of vanadyl ions by the (A) original catalyst and (B) promoted catalyst.
As shown in Figure 6, the experimental data points for the adsorption of vanadyl ions onto the catalysts were mainly distributed on two straight lines. The straight line in phase I represents the interparticle diffusion process. The straight line in phase II represents the intraparticle diffusion process. The slope, intercept, and R2 obtained through fitting are shown in Tables 3, 4. The slopes of the two straight lines represent the interparticle diffusion process rate constant ki,1 and the intraparticle diffusion process rate constant ki,2, respectively. The fact that ki,1 is considerably larger than ki,2 indicated that the duration of interparticle diffusion was short. Moreover, the adsorption capacity achieved in interparticle diffusion exceeded that achieved in intraparticle diffusion.
TABLE 3 | Kinetics parameters of the intraparticle diffusion model for the adsorption of vanadyl ions onto the original catalyst.
[image: Table 3]TABLE 4 | Kinetics parameters of the intraparticle diffusion model for the adsorption of vanadyl ions onto the promoted catalyst.
[image: Table 4]Adsorption Equilibrium
The Langmuir and Freundlich adsorption isotherm equations (Tan et al., 2007; Ren et al., 2020), used to fit the adsorption data at various temperatures, are expressed as follows:
[image: image]
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where qe is the adsorption capacity of the adsorbent at the adsorption equilibrium (mg/g); qm is the theoretical saturated adsorption capacity (mg/g); Ce is the concentration of the adsorbate at the adsorption equilibrium (mg/L); KL is the Langmuir adsorption equilibrium constant (L/mg); and KF and n are Freundlich constants, which are related to the adsorption capacity and adsorption intensity, respectively.
Regarding the original catalyst (Figure 7 and Table 5), the R2 obtained under the Freundlich model was higher than that obtained under the Langmuir model. This indicated that the Freundlich model had a more satisfactory fitting result. Regarding the promoted catalyst (Figure 8 and Table 6), the Langmuir model yielded a higher R2 value, indicating that binding sites were uniformly distributed on the catalyst surface and that the adsorption of vanadyl ions onto the catalyst was dominated by monolayer adsorption.
[image: Figure 7]FIGURE 7 | Nonlinear fits of isotherm models for vanadium ion adsorption by original catalyst (A) Langmuir model (B) Freundlich model.
[image: Figure 8]FIGURE 8 | Nonlinear fits of isotherm models for vanadium ion adsorption by promoted catalyst (A) Langmuir model (B) Freundlich model.
TABLE 5 | The fitting parameters of Langmuir and Freundlich isotherm models for vanadium ion adsorption onto original catalyst.
[image: Table 5]TABLE 6 | The fitting parameters of Langmuir and Freundlich isotherm models for vanadium ion adsorption onto promoted catalyst.
[image: Table 6]SCR Performances
Figure 9 displays the effects of the original and promoted SCR catalysts on the DeNOx activity and SO2/SO3 conversion under the same vanadium adsorption capacity. The activity of the fresh SCR catalyst at 360°C was 40.6 m/h, and the SO2/SO3 conversion rate was 0.39%. According to the Figure 9, the DeNOx activity and SO2/SO3 conversion rate of the SCR catalyst after DMF modification were improved with the increase of vanadyl ion adsorption. Furthermore, the DeNOx activity of the promoted catalyst after reloading was significantly higher than that of the original catalyst, whereas the SO2/SO3 conversion rate was lower. After adsorbing 3.5 mg/g vanadium, the DeNOx activity of the reloaded original catalyst increased to 52.2 m/h (a 11.6 m/h increase), and the SO2/SO3 conversion rate increased to 1.22% (a 0.83% increase). After DMF modification, the DeNOx activity of the promoted catalyst increased to 60.1 m/h (a 19.5 m/h increase), 68.1% higher than that of the original catalyst. The SO2/SO3 conversion rate was 0.98% (a 0.59% increase), 28.9% lower than that of the original catalyst. This is because after DMF modification, a large number of functional groups remained on the catalyst surface. Vanadyl ions were first adsorbed onto the functional groups on the catalyst surface, greatly increasing the superficial vanadium content and limiting the increase in vanadium content within the catalyst. In the monolithic SCR catalyst, the DeNOx reaction of the catalyst occurred within 0.1 mm thin layer of the catalyst wall, whereas the SO2/SO3 conversion reaction occurred in the entire wall. Under the same loading, the promoted catalyst substantially increased the DeNOx activity and reduced the increase in the side reaction (SO2/SO3 conversion). In practical applications, the promoted catalyst can reduce the initial concentration of active components during the regeneration process and lower the loading of active components, which is conducive to the regeneration of SCR catalysts.
[image: Figure 9]FIGURE 9 | Comparison of SCR performance and SO2/SO3 conversion between original and promoted catalysts. (Flow rate: 2.44 m3/h, O2:5%, NO, NH3: 300 ppm, SO2:500ppm, H2O: 10%, Temperature: 360°C). (A) deNOx activity; (B) SO2/SO3 conversion
Figure 10 presents the effect of various vanadium loadings on the DeNOx activity of the promoted catalyst. When the vanadium adsorption capacity increased from 0 to 6.5 mg/g, the DeNOx activity increased as the vanadium adsorption capacity increased, and the activity value increased from 40.6 to 69.3 m/h. However, when the vanadium adsorption capacity continued to increase, the DeNOx activity decreased. This phenomenon has two plausible explanations. The first is that in the adsorption process of the promoted catalyst, vanadyl ions were first adsorbed onto the functional groups on the catalyst surface when the concentration of vanadyl ions was low. Therefore, the DeNOx activity was greatly increased. However, as the concentration of vanadyl ions increased, in addition to the adsorption of vanadyl ions onto surface functional groups, vanadyl ions began entering the inner wall of the catalyst, resulting in the gradual adsorption of vanadyl ions in the catalyst pores. However, these vanadyl ions exerted only a limited effect on the increase in DeNOx activity (Kong et al., 2019). The second possibility is that after the catalysts were calcined, vanadyl ions were loaded onto the TiO2 carrier in the form of V2O5 to form Ti–O–V bonds. At low adsorption capacity, V2O5 existed in the form of monomeric V2O5 on the catalyst surface (Busca et al., 1998; Bulushev et al., 2001), and with the increase in the vanadium adsorption capacity, V2O5 gradually formed multimer and V2O5 crystals (Oyama et al., 2002; He et al., 2018). The V2O5 crystals were not conducive to the SCR reaction due to weak V–O–Ti bonds. Therefore, as the vanadium adsorption capacity continuously increased, the DeNOx activity decreased.
[image: Figure 10]FIGURE 10 | Effect of V2O5 loading on DeNOx performance for promoted catalyst (Flow rate: 2.44 m3/h, O2:5%, NO, NH3: 300 ppm, SO2:500ppm, H2O: 10%, Temperature: 360°C).
CONCLUSION
The conclusion of this study are summarized as follows:
First, DMF was employed to improve the performance for the adsorption of vanadyl ions. When the concentration of the DMF was increased, the vanadyl ion adsorption capacity of the promoted catalyst first increased and then decreased. DMF modification was effective in improving the adsorption capacity of the promoted catalyst.
Second, the adsorption kinetics demonstrated that the pseudo-second-order kinetics model better describes the process by which vanadyl ions adsorb onto different catalysts. Moreover, the adsorption rate was both controlled by intraparticle and interparticle diffusion. In addition, the adsorption equilibrium results indicated that the Freundlich model was a more favorable fit for the vanadyl ion adsorption to the original catalyst while Langmuir model was a closer fit for the promoted catalyst.
Third, the DeNOx activity results revealed that after DMF modification, limited increase in vanadium content within the interior of catalyst was conducive to enhancing the DeNOx activity and reducing the increase in the SO2/SO3 conversion. The initial concentration of active components and the loading of active components in the actual activation process were reduced, thereby promoting the regeneration of SCR catalysts.
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