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Abstract

:

For traditional heterotrophic denitrification technology, organics are usually added as the electron donor for nitrate removal, which increases the operation cost for wastewater treatment. Solar panel production wastewater contains a large amount of nitrate. To decrease the operation cost and reduce CO2 emissions, an iron anode microbial fuel cell (Fe-MFC) was constructed to treat solar panel production wastewater by sequencing batch operation. The results showed that the maximum nitrate removal efficiency reached 99.98% and the maximum removal rate was 0.049 kg·m−3·d−1. The output voltages rose rapidly to 560 ± 10 mV within 2 h and then stabilized at 520 ± 50 mV for about 40 h. Combining the detection of coulombic efficiency, CV curve, q* value and internal resistance; the decrease in denitrification efficiency and electricity generation efficiency probably resulted from the passivation of iron anode and the aging of the cathode biofilm resulted in the efficiency decrease. From the microbial analysis, Chryseobacterium, Thermomonas and Thauera predominated at the end of Fe-MFC operation. Microorganisms that cannot adapt to the autotrophic environment in Fe-MFC died out finally. Periodic replacement of the iron anode and domestication of the bio-cathode were essential to maintain the Fe-MFC efficiency. The Fe-MFC technology was feasible to be used to remove nitrate and generate electricity from solar panel production wastewater. Without organics addition, the Fe-MFC technology was cost-efficient and environmentally friendly, endowing itself with a broad prospect of application.
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1. Introduction


The emission of nitrogen compounds by human activities has exceeded the environmental capacity thus forming a certain threat to the ecology [1]. People believe that the environmental and ecological problems caused by nitrogen pollution will be more serious than global warming [2]. Aquatic nitrogen pollution may cause eutrophication and other potential harm to the natural environment and human health [3,4].



Nitrate (NO3−) is one of the most stable forms of nitrogen-containing compounds in aerobic environments [5,6,7], its concentration in polluted wastewater could not be underestimated up till now. Relevant studies show that industrial effluents account for the largest proportion of nitrogen pollution [7,8,9]. Photovoltaic industrial parks produce a large amount of solar panel production wastewater per day, with a high NO3− concentration [10]. It is of great significance to remove the NO3− pollutants from solar panel production wastewater [11].



Physical and chemical technologies have been applied to treat nitrogen pollution in wastewater, such as air stripping and reverse osmosis [12], but these technologies may produce nitrite (NO2−), nitrous oxide (N2O) and other secondary pollutants, causing inconvenience to the subsequent treatment [13,14,15]. The end-product of biological nitrogen removal technology is N2, which is environmentally friendly. As for NO3− removal from the solar panel production wastewater, the most widely method was also the multiple combinations of biochemical techniques [16]. Thus, the biological removal of NO3− draws more and more attention.



Organics were usually used as the electron donor for denitrification. However, for most industrial wastewaters, organics were deficient. Glucose, methanol and acetate were commonly purchased and added to the wastewater as the electron donor for denitrification [6,15,17]. To save costs and decrease the emission of carbon dioxide, biological autotrophic denitrification technology, especially with the cathode as an electron donor came into people’s vision [18].



Bio-cathode denitrification is one of the most popular biological technologies for nitrogen removal in recent years [19]. Bio-cathode in MFC directly provides electrons for denitrification [20]. Clauwaert et al. constructed the first bio-cathode denitrification MFC in the world, with bio-anode organics oxidation [21]. Wu et al. successfully used a one-chamber MFC reactor to treat coking wastewater, achieving the simultaneous removal of nitrogen and organics [22]. Meanwhile, bio-cathode MFC combined with aerobic nitrification could increase the nitrate removal efficiency and electricity production capacity [23]. When MFC was combined with the A/A/O wastewater treatment process to construct the MFC-A/A/O reactor, the removal rate of organics and nitrogen increased by 15.93% and 9.25% on average, and the output voltage reached 168.8 ± 8.2 mV [24,25]. In the bio-cathode denitrification MFC system, denitrifying microorganisms were cultured to form a biofilm on the cathode, and the biofilm performed nitrate reduction activity [26]. The bio-cathode denitrification MFC technology showed impressive treatment efficiencies for NO3− -containing wastewater.



Compared with the bio-anode, the iron anode would be a better choice for denitrification MFC system, as (1) the iron anode has strong electron donor potential and (2) iron is cheap and quite available [1,20,27]. Iron anodes have been used by Li et al. to provide electrons for a bio-cathode, which removed nitrate from wastewater economically and environmentally friendly [28].



To develop a cost-effective nitrate removal technology treating solar panel production wastewater, a two-chamber MFC was adopted with sheet iron as the anode. Denitrification biofilm was cultured on the carbon brush as the bio-cathode. Then, an iron anode and bio-cathode microbial fuel cell (Fe-MFC) was established to treat solar panel production wastewater. The nitrate removal efficiency and the electricity generation efficiency were determined, and the microbial morphology and community were analyzed. Based on the results, the mechanism of nitrate removal on bio-cathode was revealed, and the feasibility of Fe-MFC application in solar panel production wastewater treatment was discussed. The conclusions obtained are of great significance for solar panel production wastewater treatment and lay the foundation for the development of the photovoltaic industry.




2. Materials and Methods


2.1. The Characteristics of Actual Wastewater


The solar panel production wastewater was sampled from a solar panel production manufacturer in Yinchuan City, China. The raw wastewater was strongly acidic. Thus, the pH of the raw water was adjusted to 7 before the experiment. The main contents of the raw solar panel production wastewater are shown in Table 1.




2.2. Construction of Microbial Fuel Cell


A two-chamber Fe-anode microbial fuel cell (Fe-MFC) (Figure 1) was used to treat the solar panel production wastewater. The Fe-MFC was made of first-class borosilicate glass, with an inner diameter of 3 cm. The total volume of Fe-MFC was 160 mL while the effective volume was 100 mL. A piece of iron sheet (from a waste iron recycling station in Xi’an) (3 cm × 6 cm × 0.2 mm) with high purity (99%) was used as the anode. A carbon fiber brush connected mainly by a titanium rod (d = 3 cm, φ = 6 cm) was used as the cathode. The carbon fiber brush was covered with denitrification biofilm. The cathode denitrifying biofilm was formed by the acclimation of denitrifying granular sludge by magnetic stirring. The acclimation time was 7 days, and obvious biofilm could be observed on the cathode carbon fiber brush. The distance between the anode and cathode was controlled at 6 cm, and the two chambers were separated by NaFion 117 proton exchange membrane (PEM, DuPont, Wilmington, USA) with 7.5 cm2. The anode and cathode were connected externally with titanium wire, and the external resistance was 1000 Ω.




2.3. Experiments Design and Basic Analysis


The KH2PO4 solution with a concentration of 1088 mg/L was used as the anode electrolyte. The actual wastewater from the solar panel production manufacturer was used as the cathode liquid. After 30 min aeration by argon gas, the Fe-MFC was operated in the thermostat (Kewei, China) with a temperature of 30°. The HRT was set as 7 days according to the pre-experiment results. The Fe-MFC was operated in a sequencing batch for six cycles (100% feeding rates and 80% discharging rates for each cycle), for a total of 42 days.



At intervals, samples were taken out from the Fe-MFC to determine the NO3− -N and Fe2+ concentrations by an ultraviolet-visible spectrophotometer (Younike, China) according to the standard methods (Standard Methods for the Examination of Water and Wastewater, 2006). All wastewater samples were filtered by 0.45 μm filtration membrane before concentration determination. The pH value was measured by a portable pH meter.




2.4. Denitrification Efficiency


According to Section 2.3, the initial and final concentrations of NH4+ -N, NO3− -N and NO2−-N in Fe-MFC were measured. The nitrate nitrogen volumetric loading (NLR) and nitrate nitrogen removal rate (NRR) in each cycle were calculated, and the change trends of NLR and NRR versus time were plotted.



The water samples were filtered by a 0.45 m water filter membrane before sample determination. The content of NH4+ -N was determined by Nessler’s reagent spectrophotometry. The content of NO3− -N was determined by the phenol disulfonic acid spectrophotometric method; the content of NO2− -N was determined by N-(1-naphthyl)-ethylenediamine spectrophotometry.




2.5. Electrochemical Efficiency


2.5.1. The Output Voltage and Conversion Efficiency


The instantaneous output voltage of the Fe-MFC was automatically recorded by a data acquisition board (USB_HRF105) every minute during the sequencing batch operation. Then the average value was calculated every 30 min and the output voltage below.



To assess the contribution of MFC to nitrate removal, the conversion efficiency (CE) of the bio-cathode was calculated by the following Equations (1) and (2).


  C E   %   =   ∆   m   e x p    /  ∆   m   t h e o r      



(1)
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where ∆mexp (mol) represents the amount of nitrate reduced within the experimental time T (s); ∆mtheor (mol) is the quantity of nitrate that can be reduced theoretically by bio-cathode in Fe-MFC. I (A) represents the real-time current of the Fe-MFC; T (s) stands for reaction time; F (Faraday constant) is 96,485 C·mol−1; the n value is the number of electrons required to reduce/oxidize per mol substrate, where the n value of nitrate reduction to nitrogen gas is 5.




2.5.2. The Cyclic Voltammetry Method


The cyclic voltammetry method was used to measure and analyze the electrochemical efficiency of the bio-cathode in Fe-MFC. The cathode electrode, anode electrode and Ag/AgCl reference electrode were scanned and CV curves were drawn. The voltage sweep range of the CV curve was set from −0.4 V to 0.4 V, and the sweep speed was 5 mV/s. The graph which was obtained through the cyclic voltammetry curve at the last time was integrated, and then the integrated voltammetry electric charge per unit area of the electrode can be calculated by Equation (3) [29].


    q   *   =     ∫    E   1       E   2      i ( E ) d E     v    



(3)




where q* represents the voltammetry electric charge, C/cm2; E1 and E2 are the lower and upper limits of the CV scanning test, V; i(E) is the change function of electron current with scanning potential; v is the electric potential scanning rate, V/s.




2.5.3. Electrochemical Impedance Spectroscopy (EIS) Test


The internal resistance of the Fe-MFC reactor was measured and analyzed by the electrochemical impedance spectroscopy (EIS) test. The spectral characteristics were tested under steady-state conditions by applying a low voltage or current-interfering signal to the MFC [30]. The equivalent circuit diagram [31] was shown in Figure S1.



The Fe-MFC was replaced with fresh electrolyte and remained as a closed circuit for 2 h before the EIS test was conducted. During the EIS test, a three-electrode system with a frequency ranging from 100 KHz to 10 MHz was used to analyze the change of Rohm and Rct values by the Nyquist diagram, so as to analyze the influence on the denitrification process of the MFC reactor.





2.6. Microbial Community Analysis


In order to characterize the bacterial community in the denitrification biofilm covering the bio-cathode, the microbial genomic DNA was extracted using the DNA extraction kit (MP Biochemicals, California, USA); the purity and concentration of DNA were detected using Thermo NanoDrop One. Universal primers 338 F and 806R were synthesized by Invitrogen (Invitrogen, Carlsbad, CA, USA), containing 25 μL 2× Premix Taq (Takara Biotechnology, Dalian Co., Ltd., Dalain, China), 1 μL each primer (10 μM) and 3 μL DNA (20 ng/μL) template in a volume of 50 μL, were used for PCR amplification of the 16S rRNA genes by thermocycling. The PCR amplification and gene sequencing were accomplished by Guangdong Magigene Biotechnology Co., Ltd. Guangzhou, China.





3. Results and Discussion


3.1. Denitrification Efficiency


The solar panel production wastewater was used as a catholyte of Fe-MFC and the Fe-MFC was continuously operated in sequencing batch for six cycles. The cathode provided electrons for denitrification directly. In fact, the electrons were originally from the iron anode [32,33]. The denitrification bacteria on the carbon brush reduced NO3− to N2 achieving NO3− removal. As shown in Figure 2, the Fe-MFC showed a significant removal efficiency of NO3−. The maximum removal loading rate and removal efficiency of NO3− -N was 0.049 kg·m−3·d−1 and 99.98%. The maximum removal efficiency of NH4+ was 79.1%. However, both indexes decreased gradually along with the cycles to 0.024 kg·m−3·d−1 and 48.22% finally (Figure 2a). The total decrease in nitrate removal efficiency from cycle 1 to 6 was 48.22%, while for the first and last two cycles, the decrease was 3.09% and 21.41%, respectively. Based on the first-order reaction kinetic, the rate constant of autotrophic denitrification on the cathode in each cycle was calculated and shown in Table 2. The reaction rate constant decreased along with the cycle, and the reaction rate constant in cycle 1 was two times more than that in cycle 6. The sharp decrease in denitrification efficiency and denitrification rate in the last cycles was considered to be related to the passivation of the anode iron sheet and the loss of biomass on the bio-cathode [1,21,34].



With the release of Fe2+, the anode iron sheet became thinner and thinner, and even holes were formed on its surface [35,36]. Moreover, the exposed surface of the anode iron sheet was covered with amorphous white compounds, and it was considered that it may be phosphate-iron compounds (Wang et al., 2019), which intensifies the passivation of the anode. The passivation of the iron anode resulted in a decrease in the current and electron transfer efficiency [21]. Meanwhile, the denitrifying bacteria on the cathode gradually died due to the decrease in electron donors caused by passivation, followed by a decrease in the denitrification efficiency.



The NO3− was reduced to N2 by multiple steps Equations (4)–(8). The accumulation of intermediate product nitrite (NO2−) during the denitrification process may have detrimental effects on the denitrifying bacteria and inhibit the denitrification efficiency [37,38]. However, during the running cycles of Fe-MFC, NO2− in the catholyte was barely detected, while the concentration of NH4+ -N was maintained at 20 mg/L, indicating most of NO3− was removed from the wastewater in the form of gas; however, it should be noted that gases such as NO/N2O may have a certain negative impact on the environment, and their release should be avoided as much as possible.
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Compared with the treatment of simulated wastewater, the NO3− -N removal rate and efficiency by Fe-MFC to treat actual wastewater improved 10 times and 2 times, respectively [21,36]. The effluent concentration of NO3− -N met the emission requirement of solar panel production wastewater in China, endowing the Fe-MFC technology with broad application prospects.




3.2. Electrochemical Efficiency


Besides the pollutants removal, electricity was generated by the Fe-MFC as electrons were transported from the iron anode to the bio-cathode. The output voltages of Fe-MFC in six cycles were monitored and plotted in Figure 3a, and the conversion efficiencies of bio-cathode in each cycle were calculated and shown in Figure 3b.



In Figure 3a, the trend of output voltage along with time in each cycle was quite similar. At the beginning of each cycle, the output voltage was very close to the open circuit voltage due to the instantaneous connection of the circuit. The maximum output voltage (560 ± 10 mV) was achieved in two hours, and the value was quite higher than the reported ones (Wang et al., 2022b; Ghafari et al., 2008), indicating a big step for electricity production by bio-cathode denitrification MFC. Then the output voltage entered the plateau (520 ± 50 mV) lasting around 40 h. The output voltage decreased all the way to the bottom as the substrate (NO3−-N) was depleted [1,17].



From cycle 1 to 6, the average output voltage of the plateau in six cycles gradually decreased, which may be caused by the biofilm aging [1]. As a result, the coulombic efficiency gradually decreased with time in Figure 3b. Kinds of factors may influence the coulombic efficiency, i.e., electrolyte decomposition, interface passivation, and changes of electrode active materials [24,39]. The reduction in coulomb efficiency in Figure 3b showed that the cathode biofilm gradually aged and the redox reaction of the system was inhibited along with time, resulting in a decrease in electrochemical activity [39].



In order to analyze the reversibility and polarization degree of the electrochemical reaction on the bio-cathode, the cyclic voltammetry method was used to measure the CV curves of the cathode during each cycle. The bio-cathode CV curves were all flat and without obvious redox peaks, indicating that the adsorption of cathode electric double layers to electric charge was the main storage method of electricity [40,41]. The CV curve of the classical ideal capacitor showed a symmetrical rectangular shape. The bio-cathode CV curve showed an obvious asymmetric rectangular shape, indicating that it was an irreversible oxidation-reduction reaction in Fe-MFC [26,41]. According to Figure S2b, the q* value of the cathode decreased along with the operation time, indicating a decrease in the electrocatalytic activities of the bio-cathode. The deterioration of the bio-cathode was supposed to result in the aging of the biofilm and the decrease in the electron transfer efficiency [26]. This all led to the a decrease in the denitrification efficiency of Fe-MFC.



EIS is an electrochemical method to analyze the charge transfer and material diffusion of the electrode, indicating the variation trend of internal resistance and evaluating the denitrification process [42]. To further clarify the specific component of the cathode internal resistance, an EIS test was used and the results are shown in Figure 4 and Table 3. All of the ohmic resistance, charge transfer and activation resistance increased along with the operation time, indicating the decrease in the cathode electrical activity, which was speculated to be caused by the aging of biofilm on the bio-cathode [26,31].




3.3. Microbial Community Analysis of Bio-Cathode Biofilm


The composition of the microbial community on the bio-cathode was related to the denitrification efficiency (Ovez et al., 2006; Luo, 2022). Therefore, 16S rRNA gene sequencing was performed on the biofilm at intervals. As shown in Table 4, the biodiversity indices, including operational classification units (OTUs), ACE, Chao 1, Shannon, and Simpson were listed. All indices showed that the biodiversity increased along with the operation time, then decreased. It is quite possible that it resulted from the adaption of microorganisms to the new environment, especially the electron donor for denitrification changed from chemicals to the cathode [28,32]. The coverage of all samples was greater than 0.999, indicating the accuracy of sequencing results [43].



At the phylum level, no significant fluctuation in the microbial composition was observed during the whole operation time (Figure S3). Proteobacteria always predominated, but its proportion decreased from 91.43% to 51.43%. Proteobacteria had been reported as the predominant phylum in several electrochemical systems [44,45,46], as most bacteria of Proteobacteria could mediate electron transfer extracellularly [47]. Followed were Firmicutes and Bacteroidetes, the total abundance increased from 8.43% on day 1 to 45.55% on day 42. Firmicutes and Bacteroidetes were reported to be involved in the degradation of complex pollutants and microbial electricity generation in MFC [47,48,49].



At the genus level, Acinetobacter (77.70%) was dominant in the early time, soon afterward Chryseobacterium (31.21%), Thermomonas (22.99%), and Thauera (12.55%) became the dominant genus gradually (Figure 5). Unassigned-Rhodobacteraceae (19.38%) also increased. Acinetobacter showed remarkable denitrification ability [50,51], and they could utilize coenzymes [44,52]. The proportion of Acinetobacter in bio-cathode biofilm gradually decreased, probably because they were difficult to adapt to the environment with cathode as direct electron donors. Chryseobacterium and Thermomonas were reported generally to be enriched on bio-cathodes and they could use nitrate as an electron acceptor for metabolism [53,54]. As the typical denitrification genus of Proteobacteria, Thauera could reduce NO3− -N with the cathode as an electron donor [33]. Therefore, along with the operation time of Fe-MFC, Chryseobacterium, Thermomonas, and Thauera were enriched on bio-cathode under the autotrophic substrate environment. Other autotrophic microorganisms, such as Brevundimonas and Petrimonas [53,55,56], also bloomed along with time. The Fe-MFC offered a favorable living environment for autotrophic bacteria, thus the abundance of most genera showed obvious change.



In summary, Proteobacteria predominated in the microbial community on bio-cathode. When the electron donor changed from chemicals to the cathode, the abundance of Acinetobacter decreased sharply, while the amount of Chryseobacterium, Thermomonas and Thauera increased obviously as the latter ones could use the electrons from the cathode to reduce nitrate. Microorganisms that cannot adapt to the autotrophic environment in Fe-MFC died out finally, resulting in microbial succession in the cathode biofilm.





4. Conclusions


The two-chamber MFC with iron sheet as anode and denitrification biofilm as cathode showed remarkable NO3− removal efficiency when treating solar panel production wastewater. The NO3− -N removal efficiency reached a 99.98% maximum, and the corresponding removal loading rate was 0.049 kg·m−3·d−1. The output voltages rose rapidly to 560 ± 10 mV within 2 h and then stabilized at 520 ± 50 mV for about 40 h. Combining the detection of coulombic efficiency, CV curve, q* value and internal resistance, the decrease in denitrification efficiency and electricity generation efficiency probably resulted from the passivation of the iron anode; the aging of cathode biofilm resulted in the efficiency decrease. The two-chamber MFC showed good denitrification efficiency and electricity generation efficiency when treating solar panel production wastewater. The Fe-MFC technology decreased the construction cost and operation cost for industrial wastewater treatment (Table S1), laying the foundation for the development of the photovoltaic industry. However, the further improvement of nitrate removal efficiency and the extension of electrode service life are still challenges that bio-cathode denitrification technology will face in the future.
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Figure 1. The setup of the two-chamber Fe-anode microbial fuel cell. 






Figure 1. The setup of the two-chamber Fe-anode microbial fuel cell.



[image: Water 15 03347 g001]







[image: Water 15 03347 g002] 





Figure 2. (a) The volumetric loading rate and removal efficiency of nitrate nitrogen in each cycle; (b) The nitrate nitrogen concentration curve with time in each cycle. 
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Figure 3. (a) The output voltage of Fe-MFC; (b) The conversion efficiency in each cycle. 
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Figure 4. Nyquist curves of EIS tests in different cycles. 
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Figure 5. Relative abundance of different genera on cathodes on day 1, 7, 28 and day 42. (The area of bubble was positively correlated with relative abundance; genera accounting for <1% of total sequences were classified in the group ‘Others’). 






Figure 5. Relative abundance of different genera on cathodes on day 1, 7, 28 and day 42. (The area of bubble was positively correlated with relative abundance; genera accounting for <1% of total sequences were classified in the group ‘Others’).



[image: Water 15 03347 g005]







 





Table 1. Contents of solar panel production wastewater.
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	Water Quality Index
	Concentration
	Water Quality Index
	Concentration





	NO3− -N
	340.6 mg/L
	pH
	2.5



	Ca2+
	103.8 mg/L
	conductivity
	4.9 ms/cm



	Mg2+
	41.8 mg/L
	turbidity
	0 UNT



	Na2+
	287.9 mg/L
	COD
	76.9 mg/L



	K+
	18.7 mg/L
	ORP
	462 mV



	NH4+ -N
	95.6 mg/L
	NO2− -N
	45.0 mg/L










 





Table 2. The fitting of data in Figure 2b by the zero-order kinetics (ct − c0 = −kt).
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	Cycle
	1
	2
	3
	4
	5
	6





	k
	59.88 ± 5.70
	55.36 ± 4.77
	51.184 ± 3.89
	46.54 ± 3.10
	40.04 ± 1.88
	27.53 ± 0.83



	R2
	0.9318
	0.94351
	0.95568
	0.96556
	0.98259
	0.99282










 





Table 3. Rohm and Rct values in different cycles.
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	Cycle
	1
	2
	3
	4
	5
	6





	Rohm (Ω)
	0.756
	0.833
	1.072
	1.615
	1.747
	1.886



	Rct (Ω)
	29.71
	40.37
	52.57
	60.39
	72.06
	94.79










 





Table 4. Numbers of the OTUs and biodiversity of cathode biofilm.
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	Sample
	OUT-Num
	ACE-Index
	Chao1-Index
	Coverage
	Shannon-Index
	Simpson





	Day 1
	378
	419.24
	378.2
	0.99938
	1.69
	0.611



	Day 7
	486
	525.27
	486.1
	0.99942
	2.45
	0.452



	Day 28
	546
	581.01
	546.1
	0.99934
	4.18
	0.142



	Day 42
	509
	536.07
	509.1
	0.99949
	3.95
	0.148
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