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Abstract

:

Microbial fuel cells (MFCs) have shown great advantages in electricity production, heavy metal removal, and energy recovery. However, the impact and mechanism of conflicting effects of numerous electron acceptors on heavy metal removal remain unknown. The effects of different initial heavy metal concentrations, cathodic dissolved oxygen, and electrode materials on the electricity generation and heavy metal removal efficiencies of Cu(II) and Cr(VI) were investigated in this study. When the initial concentration of Cr(VI) increased from 10 mg/L to 150 mg/L, the maximum voltage, coulomb efficiency, and maximum power density declined from 99 to 44 mV, 28.63% to 18.97%, and 14.29 to 0.62 mW/m2, and the removal efficiencies of Cu(II) and Cr(VI) decreased dramatically from 98.34% and 99.92% to 67.09% and 37.06%, respectively. Under anaerobic cathodic conditions, the removal efficiency and removal rate of Cu(II) and Cr(VI) were lower than those under aerobic conditions. When the cathode electrode was titanium sheet and graphite plate, the coulomb efficiency and maximum power density increased to 38.18%, 50.71%, 33.95 mW/m2, and 62.23 mW/m2. The removal efficiency and removal rates of Cu(II) and Cr(VI) were significantly increased to 98.09%, 86.13%, and 0.47, 0.50 mg/(L h) with a graphite plate, respectively. The pH of the cathode varied considerably greater as the MFC current increased. Cu(II) and Cr(VI) were removed and reduced to elemental Cu, Cu2O, and its oxides as well as Cr(OH)3 and Cr2O3 precipitates on the cathode electrode by cathodic bioelectrochemical reduction.
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1. Introduction


Large volumes of heavy metal effluent comprising chromium and copper are discharged by the electroplating, leather tanning, and textile sectors, posing harm to the ecological environment and human health by polluting groundwater, soil, and other media [1,2]. In recent decades, various methods, such as chemical precipitation, surface adsorption, and membrane filtration, have been used to treat heavy metal wastewater [3]. However, these traditional methods are prone to secondary pollution, incur high costs, and are non-sustainable. Hence, there is an urgent need to develop a sustainable method with low energy consumption and high removal efficiency for the treatment of heavy metal wastewater. Microbial fuel cells (MFCs), which can oxidize organic matter and reduce electron acceptors (usually O2) have attracted increasing attention in removing organic matter and heavy metals from wastewater in recent years [4,5].



According to some studies, MFC can remove and recover heavy metals from wastewater and generate electricity simultaneously [6,7,8]. Heavy metals with high redox potential can act as electron acceptors instead of oxygen, accepting electrons directly from the cathode. In other words, heavy metals are reduced and eliminated at the cathode by the bioelectrochemical reduction reaction [9,10]. Wang et al. found that Fe(III) can lower the cathodic diffusion internal resistance of Cr(VI) and its reduction overpotential. Fe(III) can also act as an electron mediator to transfer electrons from the cathode to Cr(VI) rather than directly from the cathode to achieve reduction [11]. However, catholyte pH had a significant effect on the reduction of heavy metals when Cu(II) and Cr(VI) were present in the cathode. At pH > 4, Cu(II) and Cr(VI) were reduced simultaneously, and the reduction efficiency of Cr(VI) and power density decreased from 63% to 18% and 4.4 to 1.1 mA/m2, respectively, when the Cu(II) concentration increased from 50 to 500 mg/L [12]. After 240 h, the reduction efficiencies as electron acceptors were 67.9% and 75.4%, respectively, with a maximum power density of 970.2 mW/m2 [13]. It was determined that when several electron acceptors are present in the cathode, the performance of electricity generation and removal efficiency, as well as the removal mechanism, are not yet obvious.



To further promote the treatment effect of MFC on heavy metals, researchers have applied various electrode materials to treat heavy metal wastewater [14]. Carbonaceous materials (such as carbon rods, carbon felt, and carbon fiber) with good electrical conductivity and physical and chemical stability are widely used as cathode materials [15]. Li et al. investigated the effects of nickel foam, stainless steel, and carbon cloth as cathode materials on the removal of Cr(VI) and Pb(II). The results revealed that nickel foam had the fastest Cr(VI) reduction rate (1.72 g/(m3 h)), followed by stainless steel ((1.47 g/(m3 h)) and carbon cloth (1.32 g/(m3 h)) [16]. To improve the electricity generation performance, the cathode material was modified with platinum, a highly active catalyst that can lower the cathodic reaction activation energy and thus increase the cathodic reaction rate [17]. Moon et al. used a platinum-supported graphite rod as the cathode, with a maximum power density of 150 mW/m2, which is three times that of a pure graphite electrode [18]. However, the effectiveness of electricity production using stainless steel, titanium sheets, and graphite plates as cathode electrodes, as well as heavy metal removal processes in wastewater, must be thoroughly investigated.



In summary, MFC can achieve good performance in the generation of electricity as well as the removal and recovery of heavy metals. Moreover, it demonstrates the advantages of energy and resource reuse that distinguish MFC from other conventional treatment technologies. However, many issues remain in the actual treatment process, such as electron competition between oxygen and heavy metals and heavy metals in the cathode. Additionally, the removal effect, cathodic reduction rate, and mechanism are also unclear. Meanwhile, the cathodic reaction and reduction rate of heavy metals at the cathode still require further clarification under anaerobic cathodic conditions. Therefore, a dual-chamber MFC was used to treat mixed heavy metal wastewater with Cu(II) and Cr(VI). The removal characteristics of two heavy metals with and without dissolved oxygen at the cathode were investigated in this study, as were the effects of different initial heavy metal concentrations and cathode electrode materials on the performance of electricity generation and heavy metal reduction, and the products on the cathode were detected using scanning electron microscopy, linear scanning voltammetry, and electrochemical impedance measurements.




2. Materials and Methods


2.1. MFC Construction, Inoculation, and Operation


The dual-chamber MFC was made of organic glass with an effective volume of 125 cm3 for both the cathode and anode chambers and was separated using a proton-exchange membrane (PEM, NafionTM 117, Dupont, Wilmington, DE, USA) (Figure 1).



Carbon felt and stainless steel were used as the anode and cathode materials, respectively. The carbon felts were placed diagonally in a square anode chamber with a surface area of 35.35 cm2. The cathode electrodes were inserted vertically into the cathode chamber with a surface area of 25.00 cm2. The electrodes were connected using copper wire with an external resistor of 200 Ω. Pretreated, concentrated anaerobic sludge from an urban wastewater plant was added to the anode chamber and supplemented with a certain amount of nutrient solution containing sodium acetate (1.0 g/L). The nutrient solution consisted of (in g/L) KCl, 0.78; NaCl, 0.58; KH2PO4, 0.68; K2HPO4 0.8; MgSO4∙7H2O, 0.1; NH4Cl, 0.28; CaCl2∙2H2O, 0.1; and 1 mL of trace elements [19,20]. Catholytes containing Cu(II) and Cr(VI) were prepared using CuCl2 and K2Cr2O7, respectively, at an initial pH of 3.



The PEM was heated in hydrogen peroxide at 80.0 °C for 1 h, soaked in distilled water for 30 min, then heated in 5.0% (w/v) dilute sulfuric acid at 80.0 °C for 1 h, and again soaked in distilled water for 30 min. The carbon felt was soaked in a 1 mol/L NaOH solution for 30 min, washed with distilled water, soaked in a 1 mol/L HCl solution for 30 min, washed with distilled water, and dried at 105 °C. Treated proton-exchange membranes and carbon felt are prepared to construct the dual-chamber MFCs.




2.2. Experiment Design


To investigate the effect of the initial heavy metal concentrations on the performance of electricity generation and removal effectiveness when multiple heavy metals are present in the catholyte, the initial concentration of Cu(II) was fixed at 100 mg/L, while that of Cr(VI) was fixed at 10, 30, 60, 100, and 150 mg/L in the catholyte and labeled as MFC-Cr10, MFC-Cr30, MFC-Cr60, MFC-Cr100, and MFC-Cr150, respectively. To further analyze the effect of cathodic dissolved oxygen on the performance of the MFC, a cathodic anaerobic group was set up and labeled as MFC-An, in which the concentrations of Cu(II) and Cr(VI) were 100 mg/L. The MFCs were set up with stainless steel sheets as the cathode electrodes and an external resistor of 200 Ω. The open circuit was the control group and was labeled as CK. Finally, the effect of the cathodic electrode material (titanium sheet and graphite plate) on the heavy metal removal efficiency was investigated and labeled MFC-Ti and MFC-Gr, respectively. The resistance coefficients of carbon felt, stainless steel, titanium sheet, and graphite plate were 0.18–0.22, 1.0 × 10−6, 6.0 × 10−7, and 1.1–1.3 × 10−7 Ω·m. The catholyte and external resistor were the same as those of MFC-Cr100. All the MFC devices were placed in a biological incubator at 30 °C.




2.3. Analytical Methods and Calculations


2.3.1. Electrical Properties of MFCs


The voltage of the MFCs was measured using a data acquisition system (DAM3055, Beijing ART Technology, Beijing, China) at 10 min intervals, and the current and power were calculated according to Ohm’s law. The polarization and power density curves of the MFCs were measured using the static method: the external resistor was adjusted from 100,000 to 10 Ω step-by-step, and the stabilized voltage across the resistor was recorded. The polarization and power density curves were plotted with the current density as the horizontal coordinate and the voltage and power density as the vertical coordinates. The internal resistance was calculated by the linear region of the polarization curve. The chemical oxygen demand (COD) of the nutrient solution containing sodium acetate from the anode chamber was analyzed by a wastewater photometer (HACH, DR 2800). The Coulombic efficiency (CE) of the anode was calculated using Equation (1).


  CE =    M   O 2    × ∫ I d t   F × b × Δ C O D ×  V  a n     × 100 %  



(1)




where  I  denotes the current (A),  t  represents time (s),    M   O 2      denotes the molecular weight of oxygen (32 g/mol),  F  is the Faraday constant (96,485 C·mol−1),  b  represents the number of transferred electrons (4 mol/mol),   Δ C O D   represents the amount of change in anode COD value (g/L),    V  a n     represents the effective volume of the anode (L).



After the experiment was completed, the cathode was tested using cyclic voltammetry at a scanning speed of 0.05 mV/s, using platinum wire as the counter electrode and Ag/AgCl as the reference electrode and the cathode as the working electrode.




2.3.2. Concentration and Morphology of Heavy Metals


The copper and chromium samples were collected and immediately filtered through a 0.45 µm filter membrane, and these concentrations in the catholyte were determined by flame atomic absorption spectrometry (Zeenit700P, Analytik Jena, Jena, Germany) according to Chinese standards (GB 7475-87 and HJ757-2015) and the recovery of chromium and copper is 85–115% and 94–106%. The morphology and elemental composition of the products on the cathode surface were analyzed by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) (JSM-6700F, JEOL, Akishima, Japan).


   Removal   efficiency  =    C t  −  C 0     C 0    × 100 %  



(2)






   Removal   rate  =    C t  −  C 0   t   



(3)




where    C 0    and    C t    denote the copper or total chromium concentrations at time zero and  t  time, respectively.



The results were analyzed using an analysis of variance (ANOVA, p = 0.05) procedure and the multiple comparisons were performed by Duncan’s new multiple range method by SAS 8.0, and all the figures were plotted by Origin 2018.






3. Results and Discussion


3.1. The Performance of Electricity Generation


The performance of MFCs in terms of electricity generation under different conditions is shown in Figure 2.



The voltage of the MFCs gradually decreased from 99 mV to 44 mV (Figure 2A) as the initial concentration of Cr(VI) in the catholyte increased from 10 mg/L to 150 mg/L. This result indicates that an increase in Cr(VI) concentration could suppress the voltage of the MFC. For MFC-Cr10, the maximum power density was 14.29 mW/m2, which was 2.24–23.06 times higher than that of the other four groups. The maximum power density was only 0.62 mW/m2 when the Cr(VI) concentration was 150 mg/L (Figure 2B). In a typical air-cathode MFC, heavy metals with high redox potentials (e.g., Cu(II) and Cr(VI)) can act as electron acceptors in addition to O2, to obtain electrons required to complete the cathodic reaction and achieve reduction [21]. Therefore, the anaerobic cathodic condition would limit the performance of MFCs. In this study, the average voltage and maximum power density of MFC-An were 9.04 mV and 1.15 mW/m2 lower than the 13.17 mV and 1.66 mW/m2 of the MFC-Cr100. When both oxygen and copper are electron acceptors, the presence of oxygen can significantly improve the performance of electricity generation [22]. This can be explained by the result that shows that cathodic potential is higher under aerobic conditions than under anaerobic conditions. Furthermore, when paired with high anodic potential, the MFC-Cr group outperformed the MFC-An group in terms of power generation.



In addition, when the initial concentration of Cr(VI) increased from 10 to 150 mg/L, the polarization of the MFC gradually increased, and the ohmic internal resistance increased from 3.92 to 81.01 Ω, which limited electricity generation (Table 1).



Simultaneously, Cr(VI) is reduced to Cr(III) and attached to the cathode electrode in the form of Cr(OH)3, increasing the internal cathode diffusion resistance, thereby making it more difficult for Cr(VI) to obtain electrons from the cathode electrode. The cathode efficiency would deteriorate due to the deposition of Cr(OH)3 [13]. The lack of dissolved oxygen at the cathode also leads to a loss of mass transfer; thus, the electricity generation performance decreases significantly with an increase in the initial heavy metal concentration [23]. Moreover, when the cathode was under anaerobic conditions and only heavy metals were used as electron acceptors, the performance of electricity generation was limited. The Coulomb efficiency is used to represent the ratio of electrons used to generate electricity to those supplied by organic matter. However, a considerable amount of the organic matter is consumed by microbial growth or for other reasons, which often lowers coulomb efficiency. The coulomb efficiency declined from 28.63% to 18.97% when the Cr(VI) concentration grew from 10 to 150 mg/L, whereas it was only 19.21% when the cathode was under anaerobic conditions (MFC-An). Meanwhile, we determined that the coulombic efficiency of MFC-Gr and MFC-Ti were 50.71% and 38.18%, much greater than that of MFC-Cr100 (21.41%), indicating that the coulombic efficiency may be significantly enhanced by titanium and graphite. (Table 1). This phenomenon was attributed to a lack of electron acceptors under anaerobic conditions, which reduced the metabolism of extracellular respiration of the electroactive microorganisms and allowed other non-electroactive microorganisms to obtain more electrons in competition for electron donors, resulting in a decrease in coulombic efficiency.



Titanium and graphite have often been used as MFC electrodes because of their good electrical conductivities and stable physicochemical properties. The maximum voltage and maximum power density of MFC-Gr were 103 mV and 8.87 mW/m2, which is higher than the 48 mV and 1.66 mW/m2 of MFC-Cr100. However, the maximum voltage and power density of the MFC-Ti were 59 mV and 2.12 W/m2, respectively, and were not substantially different from those of the MFC-Cr100 (Figure 2). In terms of coulombic efficiencies, MFC-Gr and MFC-Ti were 29.30% and 16.77% higher, respectively, than MFC-Cr100 (Table 1). Graphite has a higher specific surface area than stainless steel and titanium flat, which provides sufficient reduction reaction sites. In addition, the carbon material was more effective in reducing oxygen, and the power density of MFC-Gr increased significantly. The interfacial impedance of stainless steel is 3–200 times higher than that of carbon-based electrodes, resulting in higher resistance to electron transport and higher internal resistance of MFCs [24]. In this study, the ohmic internal resistances of MFC-Gr and MFC-Ti were 6.47 Ω and 8.24 Ω, respectively, which were significantly lower than that of MFC-Cr100 at 19.45 Ω (Table 1). Porous electrode materials with larger specific surface areas perform better in terms of power production [25]. That was to say, lower chromium concentration, titanium sheet and graphite plate could significantly decrease the ohmic internal resistance of MFCs. Accordingly, the MFC-Cr10 yielded the highest current density of 93.35 mA/m2, while that of MFC-Cr150 was only 11.32 mA/m2. When the cathode electrodes were titanium sheet and graphite plate, the current density of MFC-Ti and MFC-Gr were significantly increased to 33.95 and 62.23 mA/m2, respectively, which was significantly higher than that of MFC-Cr100 (28.29 mA/m2) (Table 1).



Notably, pH is one of the fundamental factors in the electrochemical reaction. Microorganisms oxidize organic substances to generate electrons and protons (    CH  3    COO  −  + 4  H 2  O → 2   HCO  3 −  + 9  H +  + 8  e −   ) (Figure 1). The rate at which protons are transferred to the cathode is slower than that are produced at the anode and consumed at the cathode. As a result, the pH of the solution at the anode decreases, and that at the cathode increases [26]. Moreover, there is a strong positive correlation between the pH at the cathode and the current generation. The higher the current, the stronger the pH variation and alkalinity [10]. In this study, the average current of the MFC-Cr10 was 0.17 mA, which was 3.65 times and 3.28 times higher than that of the MFC-An and MFC-Cr150, respectively. The pH was increased to 5.2 and 8.2 after 24 h and 96 h and finally exceeded 9.1 after 120 h (MFC-Cr10). Therefore, pH remained slightly acidic with values of 6.5 and 6.3 at the MFC-An and MFC-Cr150, respectively. Additionally, the pH was just 7.3–7.8 and the average current was 0.061–0.066 mA, significantly lower than that of MFC-Cr10 when the concentration of Cr6+ was 30–100 mg/L. Hence, the pH of the cathode varied considerably greater as the MFC current increased.




3.2. Heavy Metals Removal in MFCs


The removal of both heavy metals was affected when Cu(II) and Cr(VI) coexisted in the catholyte. When the Cr(VI) concentration increased to 150 mg/L, the Cu(II) removal efficiency decreased from 98.34% to 67.09%, with a residual of 33.24 mg/L. This indicated that an increase in Cr(VI) concentration inhibited Cu(II) removal in the MFC. The high Cr(VI) concentration competed with Cu(II) for the surface reaction sites, and Cr(OH)3 or Cr2O3 precipitates attached to the cathode occupied the reaction sites, which exacerbated the reduction reaction. However, the removal efficiency and removal rate of Cu(II) were comparable in the MFC-Cr10, MFC-Cr30, MFC-Cr60, and MFC-Cr100 groups, with average values of 95.03% and 0.21 mg/(L h), respectively. Under anaerobic conditions, the removal efficiency and removal rates of Cu(II) were 69.17% and 0.15 mg/(L h), respectively, which were significantly lower than those of the MFC-Cr groups with dissolved oxygen. In other words, dissolved oxygen in the cathode has an extremely important positive effect on heavy metal wastewater treatment [27]. In addition, the experimental period lasted only 208 h, with Cu(II) removal efficiencies reaching 88.79% and 98.09%, respectively, when the cathode electrode materials were titanium and graphite plates. The corresponding removal rates were 0.43 and 0.47 mg/(L h), which were 2.24, 3.13, and 3.13 times higher than those of the MFC-Cr10, MFC-Cr150 and MFC-An groups, respectively (Figure 3A,C). MFC-Ti and MFC-Gr have superior electricity-generating performance, which means that they have better removal efficacy.



The removal efficiency of Cr(VI) decreased significantly from 99.92% to 37.06% when the initial concentration of Cr(Ⅵ) increased from 10 to 150 mg/L, while the removal rate increased from 0.03 to 0.14 mg/(L h). A higher initial concentration causes Cr(VI) to gain more electrons in competition with Cu(II), resulting in a significant increase in the amount of Cr(VI) removed per unit of time. However, the reduction reaction rate of Cu(II)-gaining electrons was faster than that of Cr(VI), and the removal efficiency of Cr(VI) was significantly reduced. When the cathode was in an anaerobic condition, the removal efficiency of Cr(VI) further decreased to 46.63% with a removal rate of 0.12 mg/(L h). From this perspective, the removal pattern of Cr(VI) was the same as that of Cu(II), that is, a higher initial concentration and lower removal efficiency. However, the removal rate increased with an increase in the initial concentration. Furthermore, the cathode pH increases from acidic to neutral and alkaline, which also inhibits Cr(VI) reduction, thus prolonging the reduction duration [28]. Although the removal efficiency of Cr(VI) was 51.13%, which was not significantly different from that of the MFC-Cr100, the experiment time was only 208 h, with a quicker removal rate of 0.29 mg/(L h) in the MFC-Ti group. When the electrode material was graphite, the removal efficiency and removal rate of Cr(VI) was 86.13% and 0.50 mg/(L h), which were 39.50%, 34.17%, and 4.09 and 3.67 times higher than those of the MFC-An and MFC-Cr100 groups, respectively. Cu(II), Cr(VI), and O2 can theoretically act as electron acceptors for the cathodic half-reaction (reduction reaction) when they are simultaneously in the catholyte. In an acidic solution, there are significant differences in the standard redox potentials of the three substances (   φ ⊖    C  u  2 +   / C u   = 0.34   V  ,    φ ⊖     O 2  /  H 2  O   = 1.229   V  ,    φ ⊖    C  r  6 +   / C  r  3 +     = 1.232   V  ) [29]. Therefore, the three electron acceptors can be reduced by obtaining electrons from the cathode electrode in the order Cr(VI), O2, and Cu(II), whose reduction is thermodynamically favorable, allowing the electrons to flow spontaneously without the requirement for external power [30]. However, because the reduction reaction of Cu(II) was more rapid than that of Cr(VI) and the Cu(II) concentration was much higher than that of O2, the removal of Cu(II) was much higher than that of Cr(VI). It has been observed that Cr(VI) is reduced first because its redox potential is greater than that of V(V) when both are simultaneously present in the catholyte. When the Cr(VI) concentration gradually decreased and precipitated in the form of Cr(III), the redox potential of V(V) exceeded that of Cr(VI), and V(V) began to reduce the electron acceptor. When V(V) is completely consumed, Cr(VI) becomes the electron acceptor and continues to be reduced [13]. Therefore, both Cr(VI) and V(V) can be reduced as electron acceptors in MFC, and the competition between them will continue until one side is completely consumed. Meanwhile, Cr(OH)3 has a very small solubility product constant (6.3 × 10−31), and Cu(II) began to be reduced as an electron donor as soon as Cr(OH)3 precipitated on the cathode. However, the ohmic internal resistance significantly increases when insoluble copper reduction products, such as elemental copper or oxides, are attached to the cathode electrode [29]. In addition, the cathodic potential or voltage was not stabilized; thus, the reduction of Cu(II) and Cr(VI) was not constant, leading to a change in the electron acceptor during some periods. Moreover, competition between heavy metals with different redox potentials decreases the MFC efficiency [30]. In addition, Cr(VI) was reduced when the pH value of the cathode was below five indicating the acidic condition was beneficial to Cr(VI) reduction reaction. When the pH value of the cathode was alkaline, the reduction rate and power generation decreased significantly [31]. In a word, the Cr(VI) reduction process depended on the pH. Consequently, the removal of both Cu(II) and Cr(VI) decreased as the reaction progressed.




3.3. Cyclic Voltammetry Analysis and Reduction Products on the Cathode Electrode


To investigate the morphology and microscopic characteristics of the reduction products on the cathode surface, SEM−EDX was used to analyze the attached substances, and cyclic voltametric scanning of the cathode was performed at the end of the experiment to determine the degree of electrochemical reaction. The electrode surfaces of all MFC groups were covered with many circular substances, whereas those of the control group were smooth and had no substance coverage (Figure 4).



Cu, Cr, and O were the main elements attached to the cathode (Table 1). The electrochemical reduction of Cu(II) and Cr(VI) was the most important process at the cathode [12,32,33]. Zhou et al. discovered that Cu(II) was reduced to elemental copper in two steps rather than directly gaining two electrons. Cu(II) gains one electron to produce Cu(I) (Cu2O), which then gains another electron to produce elemental copper [29]. In contrast, at pH > 2, Cr(VI) can directly gain electrons for reduction to Cr(III) in terms of Cr(OH)3 or Cr2O3 precipitated on the cathode electrode [31,34]. In this study, the weight percentage of chromium on the stainless steel increased from 19.04% to 24.34% as the chromium concentration increased from 10 to 150 mg/L, while that on the titanium sheet and graphite plate were even higher at 38.95% and 30.47% when the chromium concentration was 100 mg/L. The weight percentage of copper on the cathode electrode was in the range of 35.52–40.09% for all groups except on the titanium plate where the weight percentage of copper was lower at 27.79%. In addition, it was found that the weight percentage of oxygen increased with the chromium concentration from 19.42% to 29.99%, which indicated that more Cr(OH)3 and Cu2O were deposited on the cathode electrode. Therefore, it was inferred that the main products attached to the cathode were elemental Cu, Cu2O, and Cu oxides as well as Cr(OH)3 and Cr2O3. Two redox peaks were observed at potentials of −0.5 to 0.5 mV for all experimental groups. When dissolved oxygen was present in the cathode, the redox current was higher than that under anaerobic conditions (Figure 5).



Hence, more electrons would be used for oxygen reduction than for Cu(II) and Cr(VI) reduction. Cr(OH)3 and Cr2O3 are deposited on the cathode, causing the cathodic efficiency to decrease [13]. It was observed that a higher initial Cr(VI) concentration, higher weight percentage, and higher atomic percentage (Table 2). The results demonstrated that more Cr(OH)3 or Cr2O3 was attached to the cathode, thereby leading to a decreasing trend in electricity generation as well as the removal efficiency of Cr(VI). The redox current of MFC-Gr (0.013 A) was significantly higher than that of MFC-Cr100 (0.002 A). This also explains why MFC-Gr has a higher removal efficiency and rate of Cu(II) and Cr(VI).





4. Conclusions


In this study, the removal efficiency and electricity generation of dual-chamber MFCs were investigated under different conditions for treating heavy metal wastewater with Cu(II) and Cr(VI). The results revealed that lower chromium concentration, titanium sheet, and graphite plate could significantly decrease the ohmic internal resistance of MFCs. When the initial Cr(VI) concentration increased from 10 to 150 mg/L, the maximum voltage, coulomb efficiency, and maximum power density declined from 99 to 44 mV, 28.63% to 18.97%, and 14.29 to 0.62 mW/m2, respectively. The maximum power density under anaerobic conditions is about 1.15 mW/m2. The removal efficiencies of Cu(II) and Cr(VI) were 98.34% and 99.92%, respectively, in MFC-Cr10, which were much higher than those of MFC-Cr150 and MFC-An (67.09%, 37.06% and 69.17%, 46.63%, respectively). Titanium sheet and graphite plate greatly enhanced electricity generation and removal efficiency, with removal rates of Cu(II) and Cr(VI) of 0.43, 0.47 mg/(L h) and 0.29, 0.50 mg/(L h), respectively. Cu(II) and Cr(VI) were removed and recovered by cathodic bioelectrochemical reduction and precipitated on the cathode in the form of elemental copper, Cu2O, and oxides of copper, as well as Cr(OH)3 and Cr2O3. Therefore, it is necessary to pay attention to the interaction relationship between electron acceptors when applying MFC to treat wastewater containing multiple heavy metals.
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Figure 1. The schematic diagram of dual−chamber MFC for heavy metals reduction. 
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Figure 2. The performance of MFCs in terms of electricity generation under different conditions: (A) voltage, (B) power density, (C) polarization curve, and (D) pH at the cathode. 
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Figure 3. The removal of heavy metals: (A) Cu concentration, (B) hexavalent chromium concentration, (C) removal efficiency and rate of Cu, and (D) removal efficiency and rate of Cr. 
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Figure 4. SEM image (10 μm) of Cr and Cu adsorbed on the surface of cathode: (A) MFC-An, (B) MFC-Cr10, (C) MFC-Cr30, (D) MFC-Cr100, (E) MFC-Cr150, (F) CK. 
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Figure 5. Cyclic voltammograms (A) under different Cr(VI) initial concentration (10–150 mg/L) and (B) different cathode materials. 
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Table 1. The performance of MFCs in terms of current, coulombic efficiency, and ohmic internal resistance.






Table 1. The performance of MFCs in terms of current, coulombic efficiency, and ohmic internal resistance.





	MFC Type
	Control Conditions
	Average Current (mA)
	Maximum Current Density (mA/m2)
	Coulombic Efficiency (%)
	Ohmic Internal Resistance (Ω)





	MFC-An
	Anaerobic cathode chamber, 100 mg/L Cr, stainless steel
	0.045
	16.97
	19.21
	5.26



	MFC-Cr10
	10 mg/L Cr, stainless steel
	0.17
	93.35
	28.63
	3.92



	MFC-Cr30
	30 mg/L Cr, stainless steel
	0.064
	50.92
	26.92
	7.24



	MFC-Cr60
	60 mg/L Cr, stainless steel
	0.061
	33.95
	22.87
	8.67



	MFC-Cr100
	100 mg/L Cr, stainless steel
	0.066
	28.29
	21.41
	19.45



	MFC-Cr150
	150 mg/L Cr, stainless steel
	0.050
	11.32
	18.97
	81.01



	MFC-Ti
	100 mg/L Cr, titanium sheet
	0.20
	33.95
	38.18
	8.24



	MFC-Gr
	100 mg/L Cr, graphite plate
	0.29
	62.23
	50.71
	6.47
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Table 2. EDX energy spectrum element proportion.
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CK

	
MFC-An

	
MFC-Cr10

	
MFC-Cr100

	
MFC-Cr150

	
MFC-Ti

	
MFC-Gr






	
Element

	
WP 1 (%)

	
AP 2

(%)

	
WP 1 (%)

	
AP 2

(%)

	
WP 1 (%)

	
AP 2

(%)

	
WP 1 (%)

	
AP 2

(%)

	
WP 1 (%)

	
AP 2

(%)

	
WP 1 (%)

	
AP 2

(%)

	
WP 1 (%)

	
AP 2

(%)




	
Ni

	
17.03

	
14.94

	
0

	
0

	
0

	
0

	
3.12

	
2.21

	
1.84

	
1.08

	
0

	
0

	
0

	
0




	
O

	
3.24

	
8.36

	
18.3

	
20.73

	
19.43

	
32.92

	
25.09

	
30.58

	
28.59

	
34.96

	
29.99

	
59.45

	
21.71

	
21.21




	
Ca

	
0

	
0

	
3.85

	
6.47

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Cl

	
0

	
0

	
6.13

	
1.66

	
2.77

	
2.15

	
0.81

	
0.78

	
0

	
0

	
3.27

	
2.92

	
2.89

	
1.39




	
C

	
6.99

	
14.03

	
0.69

	
0.91

	
0.54

	
0.53

	
4.09

	
4.16

	
4.86

	
3.92

	
0

	
0

	
6.41

	
3.12




	
Cr

	
7.3

	
3.73

	
18.32

	
18.34

	
19.04

	
15.09

	
22.34

	
17.83

	
24.34

	
26.49

	
38.95

	
23.76

	
30.47

	
31.2




	
Fe

	
63.45

	
46.89

	
14.67

	
14.35

	
13.49

	
16.72

	
3.3

	
11.95

	
2.02

	
4.48

	
0

	
0

	
0.13

	
0.11




	
Cu

	
0

	
0

	
38.05

	
37.54

	
39.18

	
27.66

	
40.09

	
31.87

	
35.52

	
26.93

	
27.79

	
13.87

	
37.94

	
42.6




	
P

	
0

	
0

	
0

	
0

	
5.55

	
4.94

	
4.09

	
4.16

	
2.83

	
2.15

	
0

	
0

	
0.45

	
0.37




	
Si

	
0.78

	
1.14

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Mn

	
1.22

	
10.92

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Ta

	
0

	
0

	
0

	
0

	
0

	
0

	
0.74

	
0.61

	
0

	
0

	
0

	
0

	
0

	
0




	
total

	
100%

	

	
100%

	
100%

	
100%

	
100%

	
100%








1 WP: weight percentage; 2 AP: atomic percentage.
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