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Abstract

:

In the simultaneous flue gas desulfurization and denitrification by biological combined with chelating absorption technology, SO2 and NO are converted into sulfate and Fe(II)EDTA-NO which need to be reduced in biological reactor. Increasing the removal loads of sulfate and Fe(II)EDTA-NO and converting sulfate to elemental sulfur will benefit the application of this process. A moving-bed biofilm reactor was adopted for sulfate and Fe(II)EDTA-NO biological reduction. The removal efficiencies of the sulfate and Fe(II)EDTA-NO were 96% and 92% with the influent loads of 2.88 kg SO42−·m−3·d−1 and 0.48 kg NO·m−3·d−1. The sulfide produced by sulfate reduction could be reduced by increasing the concentrations of Fe(II)EDTA-NO and Fe(III)EDTA. The main reduction products of sulfate and Fe(II)EDTA-NO were elemental sulfur and N2. It was found that the dominant strain of sulfate reducing bacteria in the system was Desulfomicrobium. Pseudomonas, Sulfurovum and Arcobacter were involved in the reduction of Fe(II)EDTA-NO.
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1. Introduction


As a result of combusting fossil fuels, many contaminants, such as SO2 and NOx, may cause a series of environmental pollution like acid rain, photochemical smog and even the ozone layer destruction [1]. In recent times, the wide use of desulfurization and denitrification in flue gas have controlled SO2 and NOx at a relatively low level. However, shadows come with lights and the limestone/gypsum wet flue gas desulfurization (FGD) technology still has some shortages to overcome, especially economically, like energy consumption, process complexity and high cost during the process. In all of the FGD technology, selective catalytic reduction (SCR) is widely recognized, which consumes urea and ammonia to reduce NOx in flue gas. However, to meet the high removal efficiency of NOx, reducing agents should be added excessively, which means the excessive amount of ammonia will release into the air and cause secondary pollution [2]. At the same time, the biological flue gas desulfurization and denitrification technology has been gradually developed. Compared with the traditional process, the biological removal of SO2 and NOx from flue gas has the advantages of low energy consumption and operation cost, convenient operation, less secondary pollution and higher removal efficiency [3,4]. It mainly includes biological flue gas desulfurization technology (Bio-FGD) and the integrated physicochemical and biological technique for NOx removal from flue gas (BioDeNOx, or chemical absorption biological reduction (CABR)).



Bio-FGD is a process in which SO2 in flue gas is absorbed by alkaline solution to form sulfite or sulfate, then sulfite/sulfate is reduced to sulfide by sulfate-reducing bacteria (SRB) and sulfide is oxidized to elemental sulfur by sulfide-oxidizing bacteria (SOB) [5,6]. BioDeNOx is that NO is absorbed by organic complexing absorbent, such as Fe(II)EDTA, and is converted into a complex absorption product (Fe(II)EDTA-NO) to realize the transfer of NO from the gas phase to liquid phase. Fe(II)EDTA-NO is then reduced to N2 by microorganisms which use organic substances such as glucose or Fe(II)EDTA itself as an electron donor. Further, Fe(III)EDTA, oxidized by oxygen during absorption, can also be reduced by iron-reducing bacteria [7,8] (Equations (1)–(4)).


Fe(II)EDTA2− + NO → Fe(II)EDTA-NO2−



(1)






12Fe(II)EDTA-NO2− + C6H12O6 → 12Fe(II)EDTA2− + 6CO2 + 6N2 + 6H2O



(2)






2Fe(II)EDTA-NO2− +2Fe(II)EDTA2− +4H+ → 4Fe(III)EDTA + N2 + 6H2O



(3)






24Fe(III)EDTA− + C6H12O6 + 24OH− → 24Fe(II)EDTA2− + 6CO2 + 18H2O



(4)







The combination of Bio-FGD and BioDeNOx technology may be a promising simultaneous flue gas desulfurization and denitrification technology. Simultaneous removal of SO2 and NO in a rotating drum biofilter coupled with complexing absorption by Fe(II)EDTA has been reported [9,10]. These experiments studied the absorption and biotransformation of sulfur dioxide and nitric oxide in biofilters. The oxygen in the flue gas may affect the bioconversion process and it is difficult to control the final conversion product of sulfur dioxide. An integrated chemical and biological process has been proposed for simultaneous flue gas desulfurization and denitrification by our group. The process employs an alkaline Fe(II)EDTA solution to absorb SO2 and NO from flue gas in a scrubber combined with biological reduction of the absorbed SO2 utilizing sulfate reducing bacteria (SRB) and regeneration of the alkaline Fe(II)EDTA solution in a single bioreactor [11,12]. In batch experiments, Fe(III)EDTA, Fe(II)EDTA-NO and sulfate were simultaneously reduced by Desulfovibrio sp. CMX, which confirmed the feasibility of simultaneous transformation of flue gas desulfurization and denitrification products in a bioreactor [11,12]. The simultaneous removal of Fe(II)EDTA-NO and sulfate in an activated sludge anaerobic reactor has been studied. A large number of sulfides produced by sulfate reduction exist in the effluent of the reactor and need to be further treated [13].



For the process of simultaneous flue gas desulfurization and denitrification by alkaline Fe(II)EDTA solution combined with biological reduction of SO2 and NO products in bioreactor, both Fe(II)EDTA-NO and Fe(III)EDTA produced in the process of NO absorption in flue gas have effects on the sulfide transformation produced by sulfate reduction in the anaerobic reactor. The nitrate-reducing, sulfide-oxidizing bacteria (NR-SOB) can be used for Fe(II)EDTA-NO and sulfide conversion. The autotrophic denitrification of Fe(II)EDTA-NO by sulfide has been reported [14]. The chemical reaction of Fe(III)EDTA with sulfide has been fully studied in the treatment of hydrogen sulfide tail gas [15,16]. In the process of absorbing SO2 and NO in flue gas with Fe(II)EDTA, the concentrations of Fe(II)EDTA-NO, Fe(III)EDTA and sulfate in the solution vary with SO2 concentration, NO concentration, oxygen content and Fe(II)EDTA concentration. Therefore, it is significant to convert sulfide produced by sulfate reduction into elemental sulfur by controlling the concentrations of Fe(II)EDTA-NO, Fe(III)EDTA and sulfate in the influent of the bioreactor.



In recent years, moving-bed biofilm reactor (MBBR) has been widely used in the fields of sulfate reduction, sulfur autotrophic denitrification, nitrification and denitrification due to its comparatively low footprint and efficient treatment performance [17,18]. The MBBR process principle is based on the basic principle of the biofilm process, making full use of the advantages of the activated sludge process and overcoming the shortcomings of the traditional activated sludge process and the fixed biofilm process. Yuan et al. found that while the NO3−-N was 12.6 mg·L−1, the highest NO3−-N removal rate of MBBR filled with polyethylene carriers was 96% [19]. The sulfur-oxidizing autotrophic denitrification in MBBR achieved the nitrogen removal efficiency of 94% at the volumetric loading rate of 0.18 kg N·m−3·d−1 [17]. Nitrate and sulfate can be effectively reduced in MBBR, so it is suitable for simultaneous removal of sulfate and Fe(II)EDTA-NO.



In this study, MBBR was adopted in order to improve the reduction load of sulfate and Fe(II)EDTA-NO produced in the simultaneous flue gas desulfurization and denitrification process. Reactor operation was divided into seven stages. After the start-up period, the treatment load of the reactor was increased by increasing the influent concentration of sulfate and Fe(II)EDTA-NO and reducing HRT (hydraulic retention time). The transformation of sulfate and Fe(II)EDTA-NO was studied by analyzing the concentration of sulfate, thiosulfate, sulfide, Fe(II)EDTA-NO, total iron and ferrous iron in the reactor effluent. By increasing the concentration of Fe(II)EDTA-NO and Fe(III)EDTA and controlling the concentration of sulfate in the influent of the reactor, the transformation from sulfate to sulfide and finally to elemental sulfur was completed in a reactor. The characteristics of functional bacteria and the change of functional bacteria with reaction conditions were found by analyzing the microbial communities in different operation stages of the reactor.




2. Materials and Methods


2.1. Experimental Materials


2.1.1. Experimental Device


The reactor was an anaerobic moving-bed biofilm reactor (MBBR) with a diameter of 150 mm, a total height of 250 mm and an effective volume of 3.5 L. The reactor was equipped with an agitator, and the two groups of agitator blades were located, respectively, 70 mm and 140 mm away from the bottom. The outer ring of the reactor was equipped with a water bath interlayer. The interlayer used a water bath pot to control the temperature at 30 °C. The bottom of the reactor was equipped with a purge-head which could aerate nitrogen to the reactor, thus making the reactor anaerobic. Cylindrical polyethylene fillers with 10 mm in diameter and 10 mm in height were used in the reactor. The specific surface area of each of the fillers was 500 m2/m3 and the filling rate of the filler in the reactor was 30%. The inoculated sludge was the sludge from the secondary clarifier of Lingshui Sewage Treatment Plant in Dalian. After sieving, 2.5 L sludge was added into the reactor. The volatile suspended solids (VSS) of the sampled sludge was 14.5 g·L−1. The influent was fed into the bottom of the reactor by a peristaltic pump.




2.1.2. Influent Quality


The influent used in the experiment was manually prepared, and the water intake in the start-up stage was as follows: 10 mM Na2SO4; 2 mM NaNO3; 1.13 mM Fe(II)EDTA. Mineral quality: yeast powder, 1 g·L−1; K2HPO4, 0.5 g·L−1; MgCl2, 1.0 g·L−1; NH4Cl, 1.0 g·L−1; CaCl2, 0.1 g·L−1; NaHCO3, 0.5 g·L−1. In other stages of the reaction, the concentrations of sulfate were 10–25 mM.



Then, 1 mL of trace element solution was added to each liter of influent water: (NH4)6Mo7O24·4H2O, 1.10 g·L−1; EDTA·2H2O, 55.35 g·L−1; ZnSO4·7H2O, 39.16 g·L−1, CaCl2, 5.54 g·L−1; MnSO4·H2O, 6.79 g·L−1; FeSO4·7H2O, 9.13 g·L−1; CuSO4·H2O, 2.45 g·L−1; CoCl2·6H2O, 2.95 g·L−1 [13].



From the third stage, Fe(II)EDTA-NO solution was prepared with buffer solution of pH = 7 which had concentrations of 2–8 mM. The Fe(II)EDTA-NO solution was added into the reactor with the influent through a peristaltic pump. The preparation of Fe(III)EDTA solution referred to the original method where the concentrations were 4–6 mM [20].





2.2. Analysis Method


The pH value was measured with pH meter (Mettlertoledo, FE20). Fe(II) and total Fe were measured with the o-phenanthroline method. Sulfide was measured with Methylene Blue Spectrophotometry. NO3−, NO2−, S2O32− and SO42− were measured with ion chromatography (Dionex, ICS-1100). Fe(II)EDTA-NO was measured at 438 nm by Spectrophotometry (Mapada, UV-6100). N2 and N2O in gas phase were measured with gas chromatography (Techcomp, GC7900). The content of hydrogen sulfide was measured with the zinc acetate absorption method. VSS was determined according to the standard methods [21].




2.3. High Throughput Sequencing


Firstly, the filler was put into the lysing agent to break the cell wall and release DNA. DNA extraction from sludge samples was performed using OMEGA DNA isolation kit (M5635-02, Sangon Biotech Co., Ltd. Shanghai, China). The integrity of DNA was detected by agarose gel and the extracted DNA was checked by electrophoresis on 1% agarosegel. Next, the extracted DNA was amplified by PCR. The following primer sets were used for PCR amplification: forward primer 341F and reverse primer 805R. The PCR amplification was performed in 0.1 mL reaction tubes using the following program: 3 min at 94 °C, five cycles (30 s at 94 °C, 20 s at 45 °C, 30 s at 65 °C), 20 cycles (20 s at 94 °C, 20 s at 55 °C, 30 s at 65 °C) and 5 min at 72 °C. Then, 3 min at 94 °C, five cycles (20 s at 94 °C, 20 s at 55 °C and 30 s at 72 °C). Purified PCR products was checked by electrophoresis on 2% agarosegel with UV emission. Then, DNA was purified and recovered. For bacterial amplified PCR products and normal amplified fragments over 400 BP of PCR products, 0.6 times of magnetic beads (Agencourt AMPure XP) were used to treat them. Qubit 3.0 DNA detection kit (Q10212, Life Technologies Corporation, Beijing, China) was used to quantify the recovered DNA accurately so as to facilitate mixing and sequencing according to 1:1 equivalence. When mixed equally, the DNA content of each sample was 10 ng and the final sequencing concentration was 20 pmol.





3. Results and Discussion


3.1. Simultaneous Biological and Chemical Removal of Sulfate and Fe(II)EDTA-NO in MBBR and Regulation of Sulfate Reduction Products


The reactor operation could be divided into seven stages according to the different reaction parameters. The operating parameters of each stage of the reactor are shown in Table 1.



The first stage was the start-up stage of biofilm formation. Many researchers have found that the process of biofilm formation on filler surface could be frequently affected by the environmental and operational conditions, such as carbon and nutrients availability, fluid velocity, MLSS, temperature, pH and surface roughness [22]. It has been proved that the formation of biofilms is very slow at the initial stage in the removal of pollutants in MBBR [23]. Their results showed that the planktonic cells first adhered to the filler loosely, then the cells gathered and grew on the surface of the filler to form a biofilm and the biofilm formation rate increased with the decrease of HRT. In the first stage, the HRT was 48 h. The concentration of sulfate in the influent was 10 mM and 2 mM nitrate was used instead of Fe(II)EDTA-NO. The agitator and aerator were closed to ensure the film-forming of sulfate reducing bacteria and denitrifying bacteria on the filler surface. After 20 days of reactor operation, the removal efficiency of sulfate could reach more than 95% (Figure 1) and the colonization of sulfate reducing bacteria was successful. The film-forming on the filler was unsatisfactory and a lot of activated sludge was suspended in the reactor. After 10 days of continuous culture, a layer of biofilm was observed on the inner surface of the filler which was black with a thickness of about 0.5 mm. The amount of suspended sludge was very small in the reactor. Combined with the reduction of suspended sludge in the solution and the formation of biofilm on the filler surface, it was proved that biofilm formation was successful. At this time, the removal rates of sulphate and nitrate remained at the previous high levels. In the subsequent reactor operation, the reactor HRT was reduced and the influent load was increased to improve the reactor treatment load. No thiosulfate had been detected in the effluent from the reactor start-up. In this stage, the average sulfide concentration in effluent was 5.42 mM and 53.7% of the sulfate reduction products were sulfides. The sulfur autotrophic denitrification reaction with sulfide as the electron donor and nitrate as the electron acceptor is shown in Equation (5) [24]. More specifically, 2 mM nitrate can convert up to 5 mM sulfide into elemental sulfur. Therefore, sulfide existed in the effluent of the reactor when the sulfate was almost completely degraded.


S2− + 0.4NO3− + 2.4H+ = S0 + 0.2N2 + 1.2H2O



(5)







In the second stage, HRT was reduced to 24 h. The sulfate removal efficiency was reduced to 70% at the initial adjustment stage and then was quickly recovered to more than 90% (Figure 1). From the 41st day, 2 mM Fe(II)EDTA-NO was added into the intake water. The removal efficiency of sulfate was greatly affected by the addition of Fe(II)EDTA-NO, which inhibited the activity of sulfate-reducing bacteria and led to the decrease of the removal efficiency. Chen et al. confirmed that adding 2.5 mM of Fe(II)EDTA-NO into sulfate reduction system could inhibit the sulfate reduction ability of sulfate reducing bacteria, and the inhibition effect was related to the Fe(II)EDTA-NO concentration [11]. After eight days of operation, sulfate removal efficiency increased and the average removal efficiency was 93.6%. When Fe(II)EDTA-NO was added to the reactor, it could quickly achieve better removal and the Fe(II)EDTA-NO removal efficiency reached 93.3% (Figure 2). In this stage, the sulfide concentration in the effluent was not affected by the decrease of HRT. However, the sulfide concentration tended to increase after the Fe(II)EDTA-NO replaced nitrate in the influent.



In the third stage, the sulfate and Fe(II)EDTA-NO removal loads were increased by increasing the concentration of sulfate and Fe(II)EDTA-NO in the influent and reducing HRT. Firstly, the influent concentrations of sulfate and Fe(II)EDTA-NO were increased by 5 mM and 0.5 mM at a time. In this process, the removal efficiency of sulfate and Fe(II)EDTA-NO remained at about 95% and 92%, respectively (Figure 1 and Figure 2). Manconi et al. found that the concentration of sulfate and sulfite did not affect the removal efficiency of Fe(II)EDTA-NO at higher sludge concentration [14]. The sulfide produced by sulfate reduction increased with the increase of sulfate concentration, accounting for 50–60% of total sulfate removal. Sulfide and Fe(II)EDTA-NO may undergo sulfur autotrophic denitrification and even direct chemical reaction to produce elemental sulfur [25]. Hydrogen sulfide and ferrous sulfide may be produced with the increase of sulfide concentration in the reactor. Chen et al. found that many sulfides produced by sulfate reduction existed in the form of hydrogen sulfide in simultaneous removal of SO2 and NO in a rotating drum biofilter [9,10]. Both Zhou et al. [26] and Xia et al. [27] observed the formation of FeS in the sulfate reduction system containing ferric iron. When the sulfate concentration was increased to 25 mM, the sulfate removal efficiency was more affected and would take a long time to recover to more than 90%. Therefore, the influent concentration of SO42− was not increased and remained at 2.4 g/L. In the experiment of simultaneous removal of sulfate and Fe(II)EDTA-NO in anaerobic activated sludge reactor, the maximum influent concentration of sulfate was only 0.96 g/L [13]. Saritpongteeraka et al. used two anaerobic baffled reactors to treat high sulfate wastewater where the concentration of sulfate in the raw wastewater could reach 1819 ± 483 mg/L [28]. It can be seen that MBBR can adapt to higher influent sulfate concentration.



After determining the influent concentration of sulfate, HRT was reduced to increase the treatment loads of sulfate and Fe(II)EDTA-NO. Because the influent sulfate concentration was radically high, HRT was reduced by four hours each time. When HRT was reduced from 24 h to 20 h, the removal efficiency of sulfate and Fe(II)EDTA-NO could reach more than 90% (Figure 2). However, when the HRT was reduced to 16 h, the removal efficiency of sulfate radical decreased significantly and the maximum was only 83%. After HRT was restored to 20 h, the sulfate removal efficiency was still 95% and the reactor performance was restored. So, the HRT was maintained at 20 h. After about 120 days of operation of the reactor, the removal load of sulfate was 2.88 kg SO42−·m−3·d−1. Cunha et al. used an UASB reactor to treat acid mine drainage and the maximum sulfate loading rate was 2.6 g SO42−·L−1·d−1 [29]. It could be seen that the sulfate treatment load and removal efficiency of this experiment had reached a high level. The removal rate of Fe(II)EDTA-NO was relatively stable in the process of reducing HRT, which proved that the load of Fe(II)EDTA-NO can continue to increase.



In the fourth stage, in order to reduce sulfide content in the effluent, the Fe(II)EDTA-NO concentration in the influent increased by 0.5 mM each adjustment (Figure 2). In the process of increasing the concentration of Fe(II)EDTA-NO from 3 to 8 mM, the sulfate reduction was affected. However, its efficiency could be restored by stable operation and the removal efficiency of Fe(II)EDTA-NO was about 93%. In this stage, the production of sulfide in effluent decreased by about 3 mM during the process of increasing the influent Fe(II)EDTA-NO concentration to 8 mM. Sulfide autotrophic denitrification with Fe(II)EDTA-NO was the main reaction for the removal of sulfide in combination with microbial community analysis. At the same time, the total iron loss increased slightly, about 0.5 mM (Figure 3). Fe(II)EDTA-NO concentration accounted for about 32% of sulfate concentration, which was within the proportion range of NO and SO2 in flue gas.



In the process of NO absorption, Fe(II)EDTA is often oxidized to Fe(III)EDTA by oxygen in flue gas [30]. Therefore, it is necessary to consider how to reduce Fe(III)EDTA to Fe(II)EDTA to ensure the absorption capacity of the solution. Tomasz et al. studied the reduction of Fe(III)EDTA by normal-size zinc, aluminum, tin powders and nano-zinc powders, respectively. It was found that the reduction of Fe(III)EDTA by normal-size zinc powder is faster than that of aluminum and tin powders. The reduction rate of Fe(III)EDTA by nano-zinc powder is about 11 times faster than that of normal-size zinc powder [31,32]. He et al. found that thiourea dioxide can react with Fe(III)EDTA to form Fe(II)EDTA, urea and sulfite [33]. In the study of Sun et al., during absorption of NO with Fe(II)EDTA in the presence of SO2, the added coal in the solution could inhibit the decrease of Fe2+ concentration and increase NO removal efficiency [34]. These methods are all through the addition of chemical agents to complete the regeneration of complexing agent, which undoubtedly increases the cost. As we know, Fe(III)EDTA can react with S2− to form Fe(II)EDTA and S0 (Equation (6)) [16]. Van der Maas et al. completed the reduction of Fe(III)EDTA by adding 2 mM of Na2S in the start-up stage of the reactor [35]. When simultaneous flue gas desulfurization and denitrification are carried out in the same reactor, the sulfide produced by sulfate reduction reacts with Fe(III)EDTA to convert sulfide in water into S0, and the complexing agent can be regenerated without additional reagents. In the fifth stage, the reduction of sulfide by adding Fe(III)EDTA was also studied.


2Fe(III)EDTA + S2− → 2Fe(II)EDTA + S0



(6)







In our experiment, 4 mM Fe(III)EDTA was added firstly and the sulfide content decreased significantly during the process by about 2.8 mM. At the same time, the total iron loss increased by about 0.8 mM (Figure 3) and no Fe(III) was detected in the effluent. The oxidation-reduction reaction between Fe(III) and sulfide may produce elemental sulfur. Continuous addition of 2 mM Fe(III) resulted in a reduction of sulfide concentration by about 0.9 mM and no significant changes in total iron loss. The total iron concentration in the solution was about 14 mM, which was close to the total iron concentration studied by Zhang et al. [36]. Considering that the addition of Fe(III)EDTA would increase the loss of total iron and the inhibition of EDTA on microorganisms, the Fe(III)EDTA concentration no longer increased and was maintained at 6 mM.



The sixth stage was to reduce sulfide production by reducing the concentration of sulfate in the influent. As shown in Figure 1, reduction of sulfate concentration had little effect on sulfate and Fe(II)EDTA-NO removal efficiency, however sulfide concentration in effluent decreased significantly. When the concentration of sulfate in the influent decreased to 15 mM, the average concentration of sulfide in the effluent was 0.9 mM. It was about 4 mM lower than that of the fifth stage. In order to maintain the sulfate treatment load, the HRT was gradually reduced. The reduction efficiency of sulfate and Fe(II)EDTA-NO fluctuated during the reduction of HRT from 20 h to 12 h. However, with the steady operation of the reactor, the sulfate and Fe(II)EDTA-NO removal efficiencies could be restored quickly, which were stable at 96% and 92%, respectively. At this time, the treatment loads of sulfate and Fe(II)EDTA-NO reached 2.88 kg SO42−·m−3·d−1 and 0.48 kg NO·m−3·d−1. The sulfate treatment load was the same as that of the third stage. The Fe(II)EDTA-NO treatment load reached the maximum load after the reactor was started. Van der Maas et al. tested technical feasibility of the BioDeNOx process. It was found that the Fe(II)EDTA-NO removal load was 9.5 mmol NO·L−1·d−1 (equal to 0.285 kg NO·m−3·d−1) when the NO removal efficiency remained between 70% and 80% [37]. Chandrashekhar et al. used an up-flow packed bed bioreactor (UAPBR) to reduce FeNTA-NO and the reduction efficiency reached 87.8% at a loading rate of 0.24 mmol NO·L−1·h−1 (equal to 0.1728 kg NO·m−3·d−1) [38]. This demonstrates that the removal load of Fe(II)EDTA-NO reached a high level in our experiment.




3.2. Conversion of Fe and S Elements and Analysis of Reduction Products of Fe(II)EDTA-NO


3.2.1. Conversion Analysis of Fe Elements


In this experiment, the ratio of Fe to EDTA was 1:2 when Fe(II)EDTA was prepared. Under this ratio, Fe(II)EDTA was stable and the precipitation of FeS could be controlled [25].



As can be seen from Figure 3, in the third and fourth stages of reactor operation, the total iron loss was very small when the influent concentration of Fe(II)EDTA-NO was 2–3 mM. This was consistent with the experimental results [13]. When the influent concentration of Fe(II)EDTA-NO reached 8 mM, the loss of Fe increased by about 0.5 mM. No Fe(III) was detected in the effluent of the reactor and the effluent total iron concentration was basically the same as that of the ferrous iron. The dissolved Fe(II) should exist in the form of Fe(II)EDTA.



After adding Fe(III)EDTA in the fifth stage, the total loss of Fe increased by about 1.5 mM. By acid dissolution of the precipitate in the effluent, Fe(II) and Fe(III) were found in the precipitate and the content of Fe(III) was less. It was proved that the precipitate was mainly FeS with a small amount of ferric hydroxide precipitate [26,27,39]. According to the analysis of sulfide concentration change at this stage, it is inferred that the main process is the oxidation–reduction reaction between Fe(III) and sulfide to form Fe(II) and elemental sulfur, accompanied by the formation of a small amount of FeS precipitation. In the sixth stage, the total iron loss did not change significantly with the change of sulfate concentration and HRT.




3.2.2. Analysis of S Element Equilibrium


Analysis of sulfur equilibrium in the seventh stage of reactor (Table 2), sulfite and thiosulfate were not detected in the effluent liquid phase. The presence of hydrogen sulfide was measured in the gas phase of the reactor. According to the analysis of sulfur balance, 4.2% and 8% of sulfur were present in the effluent as sulfates and sulfides. About 10% of the sulfur was transferred to the gas phase H2S. The remaining 77.8% sulfur was mainly converted to elemental sulfur through sulfur autotrophic denitrification and chemical reaction processes.



Other researchers have proposed that the amount of total sulfur in the reactor influent minus the amount of residual sulfates, thiosulfates and sulfides in the reactor effluent is the amount of elemental sulfur production in the SANI system of co-conversion of sulfates and nitrates [40]. Chen et al. studied the simultaneous removal of NO and SO2 by rotating drum biofilter coupled with Fe(II)EDTA. Their results showed that sulfide produced by sulfate reduction could be converted into elemental sulfur by sulfur autotrophic denitrification and the sulfide was emitted in the form of hydrogen sulfide at low NO concentration [9,10]. They recommend the sulfur autotrophic denitrification reaction as shown in Equation (7).


Fe(II)EDTA-NO2− + HS− → Fe(II)EDTA2− + 0.5N2 + S0 + OH−



(7)







In our experiment, 77.8% sulfur was converted to elemental sulfur when the sulfate concentration in the influent was 15 mM. About 11.67 mM elemental sulfur could be formed. According to Equation (6), 6 mM Fe(III)EDTA may generate 3 mM elemental sulfur. Further, 8 mM Fe(II)EDTA-NO may generate 8 mM elemental sulfur if all Fe(II)EDTA-NO was converted by sulfur autotrophic denitrification process (Equation (7)). The elemental sulfur produced theoretically by Equations (6) and (7) was similar to the sulfur equilibrium analysis data in Table 2. The effluent concentration of sulfide in the reactor was very small in the seventh stage, and the production of hydrogen sulfide and ferrous sulfide should be relatively small.



The effluent of the reactor was slightly yellowish (Supplementary Materials Figure S1) and some of the elemental sulfur produced was colloidal and not completely precipitated. The effluent was centrifuged and the sediments were cleaned. After drying, the sediments were detected by liquid chromatography. By comparing the measured results with the chromatogram of standard sulfur, it was found that the sample had the same residence time as sulfur (Figures S2 and S3), which can prove the existence of elemental sulfur in the product.



The final product of sulfate reduction in our experiment was mainly elemental sulfur, which can be applied to industrial and agricultural areas to further reduce costs. Zhang et al. [41] added a sedimentation tank for the recovery of elemental sulfur in the process of treating sulfate-containing wastewater. The recovery rate of elemental sulfur can reach 76%. The influence of sulfur recovery on the operation cost of flue gas desulfurization and denitrification will be carried out in the next research. It has been reported that selenium in flue gas from fuel combustion can be transformed into Se0 by microorganisms [42]. The synchronous removal and recovery of sulfur, nitrogen, selenium and mercury in flue gas needs to be further studied.




3.2.3. Analysis of Reduction Products of Fe(II)EDTA-NO


The Fe(II)EDTA-NO reduction products were also analyzed in the seventh stage (Table 3). The results showed that no N2O was found in the gas phase and no nitrate and nitrite were detected in the liquid phase. The influent NO-N load was 0.224 kg·m−3·d−1 and the average nitrogen content in the generated N2 was 0.189 kg·m−3·d−1, accounting for 91% of the removal. Therefore, the final product of NO denitrification was mainly N2.



In the BioDeNOx process, the reduction of NO to N2 was found to be biologically catalyzed with nitrous oxide (N2O) as an intermediate [43]. They found that the NO (aq) and Fe(II)EDTA concentration had an effect on the accumulation rate of N2O [44]. Other studies have shown that N2O accumulation was inhibited with a high C/N ratio, sufficient electron donor and a low sulfite concentration [45]. However, N2 as the final product of Fe(II)EDTA-NO reduction was recognized by most researchers [7,8,9,10,11,13,20,35,37,38,45,46,47].





3.3. Analysis of Reactor Microbial Community Structure


Sludge samples from the third, fourth and sixth stages of the reactor operation were taken to analyze the microbial community structure in the reactor.



Five sulfate reducing bacteria, Desulfomicrobium, Desulfomonas, Desulfovibrio, Desulfobulbus and Desulfobacter, were found in the third stage. Abundance reached 22.53%, 0.7%, 1.05%, 2.81% and 1.15%, respectively (Figure 4). These five bacteria can use organic carbon sources such as sodium lactate to reduce sulfate [48,49,50,51] and the dominant strain was Desulfomicrobium. A sulfur autotrophic denitrifying bacteria Sulfurovum was also found in the system, accounting for 1.39%. Sulfurovum can simultaneously oxidize sulfides and reduce nitrates in a chemoautotrophic manner [52,53]. The presence of this bacteria may have played a role in the simultaneous removal of Fe(II)EDTA-NO and sulfide in the reaction system which would produce S0 and regenerated Fe(II)EDTA. Pseudomonas also existed in the reactor, accounting for 3.62%. Pseudomonas is a facultative anaerobic bacteria. It has been proved that Pseudomonas can reduce Fe(II)EDTA-NO with glucose as a carbon source in the BioDeNOx system [54]. Pseudomonas has also been found to use Fe(II)EDTA-NO and sulfide for sulfur autotrophic denitrification and the proportion could reach up to 35.7% [9]. Fermentation acidogenic bacteria Ornatilinea and Cloacibacillus were also found in the reactor. There were also Aminivibrio strains related to amino acid metabolism. Methanothrix can decompose acetic acid with sulfide as a sulfur source to produce CH4 and CO2 [55]. Tissierella can metabolize protein, yeast extract and glucose and produce hexanoic acid, propionic acid, isohydric acid, T acid, isovaleric acid and other low molecular organic acids (or volatile fatty acids) [56].



In the fourth stage, the species and abundance of sulfate reducing bacteria did not change much in the reactor. The proportion of Pseudomonas increased by 5.06%, and that of Sulfurovum increased by 3.95%. In the fourth stage, two other sulfur oxidizing bacteria, Alcaligenes and Arobacter, were found with abundances of 0.74% and 0.73%, respectively (Figure 5). Alcaligenes is a colorless sulfur bacteria which can obtain energy from redox sulfur compounds under the condition of heterotrophy of chemical energy [57]. Arcobacter can use nitrate or molecular oxygen as electron acceptors to redox sulfur compounds and obtain the energy needed for growth [58]. With the increase of the Fe(II)EDTA-NO concentration in the influent, the increase of the proportion of Pseudomonas and Sulfurovum and the discovery of Arobacter may promote the sulfur autotrophic denitrification process. This may have played a role in the reduction of sulfide concentration.



In the sixth stage, the dominant bacteria were Desulfomicrobium (19.76%) and Pseudomonas (8.7%). Several other sulfate reducing bacteria, including Desulfomonas, Desulfovibrio and Desulfobacter, accounted for 6.22% of the total (Figure 6). The proportion of Pseudomonas slightly increased compared with the fourth stage. It may be that the addition of Fe(II)EDTA-NO load promotes the growth of Pseudomonas. Sulfurovum accounted for 4.49 % of the total which slightly decreased compared with the fourth stage. At the same time, a heterotrophic desulfurization and nitrogen fixing bacteria Azoarcus (1.77%) was found, which can oxidize sulfide to sulfur in a weak alkaline environment [59].





4. Conclusions


The simultaneous reduction of sulfate and Fe(II)EDTA-NO in an anaerobic moving-bed biofilm reactor was carried out. When the influent loads of sulfate and Fe(II)EDTA-NO were 2.88 kg SO42−·m−3·d−1 and 0.48 kg NO·m−3·d−1, the removal efficiency of the two substances reached 96% and 92%, respectively. By increasing the concentration of Fe(II)EDTA-NO in the influent and adding Fe(III)EDTA, the sulfide concentration in the effluent could be reduced through sulfur autotrophic denitrification and chemical reaction. Further, the reduction products of sulfate were mainly in the form of elemental sulfur. The final product of Fe(II)EDTA-NO removal was N2. Through the analysis of microbial community in the reactor, it was found that the dominant strain of sulfate reducing bacteria in the system was Desulfomicrobium. The reduction process of Fe(II)EDTA-NO mainly depends on Pseudomonas. Sulfurovum and Arcobacter were also found in the system. Through the sulfur autotrophic denitrification process, they can remove Fe(II)EDTA-NO and reduce sulfide concentration at the same time.
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Figure 1. The concentrations of sulfate and sulfide in the influent and effluent and the sulfate removal efficiency. 
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Figure 2. The concentrations of Fe(II)EDTA-NO in the influent and effluent and the Fe(II)EDTA-NO removal efficiency. 
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Figure 3. The concentrations of total Fe in the influent and effluent and the total Fe loss. 
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Figure 4. Analysis of microbial community structure in the third stage of the reactor. 
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Figure 5. Analysis of microbial community structure in the fourth stage of the reactor. 
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Figure 6. Analysis of microbial community structure in the sixth stage of the reactor. 
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Table 1. Reactor stage parameters.
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	Reaction Stage
	Sulfate Concentration/mM
	Fe(II)EDTA-NO Concentration/mM
	HRT/h
	Fe(III)EDTA Concentration/mM
	Nitrate Concentration/mM
	Run Time/d





	Stage 1
	10
	0
	48
	0
	2
	32



	Stage 2
	10
	0–2
	24
	0
	2–0
	24



	Stage 3
	15–25
	2.5–3
	24–20
	0
	0
	61



	Stage 4
	25
	3.5–8
	20
	0
	0
	70



	Stage 5
	25
	8
	20
	4–6
	0
	27



	Stage 6
	20–15
	8
	16–12
	6
	0
	54



	Stage 7
	15
	8
	12
	6
	0
	12
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Table 2. Element balance analysis of S.
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	Days/d
	Influent Load of SO42−-S/kg·m−3·d−1
	Load of S2−-S/kg·m−3·d−1
	Load of H2S-S/kg·m−3·d−1
	SO42− Removal Efficiency/%





	1
	0.97
	0.08
	0.13
	94.93



	2
	1.00
	0.08
	0.17
	94.84



	3
	0.98
	0.09
	0.02
	96.54



	4
	0.95
	0.05
	0.11
	95.20



	5
	1.00
	0.08
	0.01
	95.77



	6
	1.03
	0.08
	0.15
	96.71



	7
	1.04
	0.07
	0.04
	97.18



	8
	0.99
	0.07
	0.13
	95.78



	9
	0.94
	0.07
	0.14
	94.63



	10
	1.00
	0.06
	0.15
	95.90



	11
	1.05
	0.06
	0.15
	96.52



	12
	0.97
	0.07
	0.13
	96.16



	average
	0.99
	0.07
	0.11
	95.85
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Table 3. Analysis of reduction products of Fe(II)EDTA-NO.
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	Days/d
	Influent Load of NO-N/kg·m−3·d−1
	Load of N2-N/kg·m−3·d−1
	NO Removal Efficiency/%





	1
	0.224
	0.194
	94.3



	2
	0.226
	0.187
	92.1



	3
	0.219
	0.186
	93.3



	4
	0.225
	0.191
	92.4



	5
	0.224
	0.180
	90.3



	6
	0.227
	0.196
	93.2



	7
	0.226
	0.189
	92.1



	average
	0.224
	0.189
	92.5











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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