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Abstract


Three-dimensional biofilm electrode reactors (3D-BERs) were constructed to degrade the azo dye Reactive Brilliant Red (RBR) X-3B. The 3D-BERs with different influent concentrations and external voltages were individually studied to investigate their influence on the removal of X-3B. Experimental results showed that 3D-BERs have good X-3B removal efficiency; even when the influent concentration was 800 mg/L, removal efficiency of 73.4% was still achieved. In addition, the X-3B removal efficiency stabilized shortly after the influent concentration increased. In 3D-BERs, the average X-3B removal efficiency increased from 52.8% to 85.4% when the external voltage rose from 0 to 2 V. We further identified the intermediate products via UV-Vis and gas chromatography-mass spectrometry (GC-MS) analyses, and discussed the potential mechanism of degradation. After the conjugate structure of X-3B was destroyed, all of the substances generated mainly consisted of lower-molecular-weight organics.
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1. Introduction


Biofilm electrode reactors (BERs) have been studied by various researchers as an effective means of removing pollutants in wastewater treatment processes [1,2,3,4]. In such applications, water electrolysis produces hydrogen gas (H2), which can be utilized by microorganisms on the surface of the cathode as an electron donor [5]. The three-dimensional BER (3D-BER) developed in recent years has a higher treatment efficiency due to a higher surface area-to-volume ratio [6,7]. Many studies on 3D-BERs have been reported. For example, Hao et al. [8] applied a 3D-BER to treat municipal wastewater and observed a maximum nitrate removal of 98.3% at a C/N ratio of 3.0 and a hydraulic retention time (HRT) of 7 h. Nageswara et al. [6] used a 3D-BER to treat landfill leachate and found that about 60–64% of the chemical oxygen demand (COD) was removed within 1 h, which was nearly 5–7 times greater than in the control group. Zhao et al. [9] used activated carbon fiber (ACF)/Fe as the anode and ACF/Ti as the cathode in a 3D-BER to treat Acid Orange 7, with an almost 100% removal efficiency. Zhang et al. [10] applied 3D-BERs to treat sulfamethoxazole (SMX) and tetracycline (TC) and reported significantly reduced antibiotic concentrations, achieving removal rates of 88.9−93.5% and 89.3−95.6% for SMX and TC, respectively.



Azo dyes, which contain one or more –N=N– groups [11], are widely used in the cosmetic, varnish, textile, and paper industries [12]. They are very stable in the environment and difficult to degrade through conventional aerobic treatment processes [13,14]. Traditional physicochemical methods, including adsorption, coagulation/flocculation, chemical precipitation, and even the ion exchange process, can achieve considerable treatment efficiencies; however, they have complex operational requirements and high maintenance costs [15]. Meanwhile, with biological treatment methods, azo dye molecules require anaerobic conditions for degradation into corresponding aromatic amines, and further degradation into simpler compounds under aerobic conditions [16,17]. Moreover, some studies have reported that wastewater containing azo dye can be removed in bioelectrochemical systems under anaerobic conditions. Sreelatha et al. [18] achieved a maximum AMIDO BLACK 10B (C.I. Acid Black 10B) removal of 69.9% with bio-electrochemical treatment. Zhang et al. [19] used a BER to treat Reactive Brilliant Red (RBR) X-3B and achieved a color removal efficiency of 75.8%. Therefore, using BERs to remove azo dyes is a feasible method that deserves further integration.



In our previous study [20], two-dimensional BERs (2D-BERs) with cathodes of different surface areas, a cathode filled with granular activated carbon (GAC) and anodes composed of different materials were used to degrade azo dye X-3B. The average X-3B removal efficiency reached 75.7% in the best condition of 2D-BER. However, when the initial dye concentration was increased from 25 to 200 mg/L, the removal efficiency decreased sharply from 76.2% to 39.3% [21]. It also took a long time for the 2D-BER to reach a stable removal efficiency when the dye concentration changed. In this study, we constructed a novel 3D-BER that introduces activated carbon into a 2D-BER as the third electrode. The average X-3B removal efficiencies were investigated with different initial dye concentrations and applied voltages. Ultraviolet-visible spectroscopy (UV-Vis) and gas chromatography–mass spectrometry (GC–MS) were used to analyze the effluent of the cathode and anode in the 3D-BER to explore possible degradation products and pathways.




2. Materials and Methods


2.1. Reactor Configuration


Figure 1 shows a schematic diagram of the reactor used in this study. The reactor was made of polycarbonate plastic, with dimensions of 30 cm (diameter) × 50 cm (height). The effective working volume of the reactor was 2.5 L. All the reactors were tightly sealed in order to maintain anaerobic conditions. It had a conical water inlet at the bottom (5 cm) and three water outlets at the cathode, anode, and top. From the bottom upward, there were four layers, followed by a 5 cm deep bottom gravel layer (3–6 mm diameter), an ACF/stainless steel wire mesh cathode, a 15 cm deep layer of granular activated carbon (GAC) (3–5 mm diameter, specific area 500–900 m2/g), and an ACF/Ti anode. There were 5 cm between the anode and the GAC layer. A single cathode and anode were connected by titanium wire (1 mm in diameter) to a DC power supply (1 V DC) to create a loop circuit, and epoxy was used to prevent the Ti wire from making direct electrical contact with the cathode [21]. The X-3B artificial wastewater was continuously pumped into the reactor from the water intake at the bottom of the reactor by a peristaltic pump (BT-100; Baoding Longer Precision Pump Co., Ltd., Baoding, China). The HRT was 2.5 days. A DC power supply (IT6322; ITECH Electronic Co., Ltd., Nanjing, China) provided the current for each reactor [21].




2.2. System Operation


The chemical composition of 1 L nutrient solution was 400 mg glucose, 330 mg NaCl, 134 mg NH4Cl, 33 mg NaH2PO4, 18 mg Na2HPO4, 340 mg NaHCO3, 15 mg MgSO4·7H2O, 2 mg ZnSO4·7H2O, 2.2 mg MnSO4·H2O, 1 mg FeSO4, 0.24 mg CoCl2·6H2O, 15 mg CaCl2, and 1.17 mg (NH4)6Mo7O24·4H2O. One liter anaerobic sludge (mixed liquor suspended solids: 50 g/L, COD: 5−10 g/L, total carbohydrate: 0.3–2 g/L) sampled from the East City Municipal Wastewater Treatment Plant of Nanjing, China, was introduced into the reactors for microbial inoculation. Analytical grade RBR X-3B dye was used without further purification. For the entire experiment, the influent pH values were approximately 7.6 to stabilize the reaction process. All experiments were conducted at 25 ± 1°C in a controlled climate room. There were three parallel groups in each experiment group and all of the data shown in this study were averaged over three measurements to ensure the repeatability of the experiments.



The experiment consisted of two stages. In the first stage, to investigate the impact of different influent concentrations on X-3B removal efficiency, two groups of 3D-BERs, an experimental group and a control group, were constructed. The structures of the two groups were the same except that the anode and cathode of the control group were not connected to a DC power supply. The external voltage on the experimental group was 1.0 V. The concentration of X-3B was 200 mg/L at the beginning of the experiment, and reached 400, 600, and 800 mg/L on days 18, 36, and 54, respectively.



In the second stage, to investigate the impact of different external voltages on X-3B removal efficiency, six groups of 3D-BERs connected to 0, 0.5, 0.8, 1.0, 1.5, and 2.0 V DC power supplies were constructed. The influent concentration of X-3B was 800 mg/L in all six groups.




2.3. Analytics and Calculations


A UV-Vis spectrophotometer (UV9100, Lab Tech Ltd, Beijing, China) was used to investigate the influent of the BERs over a range of 190−600 nm. To determine the X-3B removal efficiency, influent absorbance values (A1) and effluent absorbance values (A2) were measured, and the X-3B removal efficiency (E) was calculated by the equation:


E = (A1 − A2)/A1 × 100%



(1)







All samples were filtered through a 0.45 μm syringe filter to remove suspended solids from the liquid media prior to measurement [11].



The X-3B degradation products were detected using a Gas Chromatograph–Mass Spectrometer (GC–MS, Thermo Fisher Scientific, Waltham, MA, USA) with a DB-5ms capillary column (inner diameter 0.25 mm, length 30 m). High-purity helium was employed as the carrier gas at a flow rate of 1 mL/min. The gasification compartment temperature was first set to 60 °C for 0.5 min, and then was linearly increased to 235 °C at a rate of 25 °C/min. After maintaining at 235 °C for 2 min, it was further linearly increased to 250 °C at a rate of 2 °C/min and then maintained at 250 °C for 5 min. Finally, the temperature of the gasification component was linearly increased to 280 °C at a rate of 15 °C/min and then maintained for 5 min. Molecular weights were scanned in the range of 45−600 m/z. The retention time and sampling volume were 4 min and 1 μL, respectively. Samples were not injected with diversion. The ionization method of mass spectroscopy was electron impact (EI) with the voltage of the electron multiplier at 1605 V. The temperatures of the ion source and the interface were 230 and 280 °C, respectively. Separated components were analyzed by referencing the NIST MS Search 2.0 mass spectral library database. The analysis of X-3Bused the GC-MS choice ion pattern (SIM). The temperature program was as described above. The peak areas of 93, 121, and 136 m/z were used to generate a standard curve [22].





3. Results and Discussion


3.1. X-3B Removal Efficiencies at Different Influent Concentrations


First, we investigated the influence of different influent concentrations on 3D-BER X-3B removal efficiency. The average X-3B removal efficiencies with different influent concentrations from days 1 to 70 are shown in Figure 2. When the influent concentrations were 200, 400, 600 and 800 mg/L, the average X-3B removal efficiencies were 93.8%, 85.7%, 80.8% and 73.5%, respectively, in the experimental group and 74.0%, 63.1%, 57.4% and 51.0%, respectively, in the control group. Although the average X-3B removal efficiencies decreased with increasing influent concentration in both the experimental and control groups, the experimental group maintained a good removal efficiency even when the influent concentration was 800 mg/L. Compared with Zhang et al. [19] and Sreelatha et al. [18], the azo dye removal efficiency increased about 20%. Meanwhile, it still had a good removal rate (73.5%) at a high azo dye concentration. The existence of the GAC in the 3D-BERs provided a greater area to which microorganisms could adhere, increasing the total number of microorganisms. Electric current stimulation improved microbial metabolism and azo reductase activity. Concurrently, the surface of the GAC layer was charged by the current to become new GAC electrodes, which can produce anode reactions on the surface [23]. This greatly increased the specific area of the electrodes [24] so that the 3D-BERs still had good removal efficiencies at high X-3B influent concentrations.



In our previous studies, the electrodes of the 2D-BER were fixed in the reactor. The efficiency of organic pollutant contact with the electrodes was low because the inflow containing organic pollutants first mixed with the original water when flowing into the reactor. However, the structure of the GAC layer provided stability in the 3D-BER, as the inflow flowed upstream between gaps in the activated carbon. The organic pollutants in the wastewater could come into direct contact with biofilms in the GAC layer. Compared with traditional 2D-BER, the GAC served as the third electrode, and the reductive reactions occurred on its surface. This structure in the 3D-BER stabilized the X-3B removal efficiency shortly after the influent concentration increased, and concurrently improved the X-3B removal efficiency.




3.2. X-3B Removal Efficiencies under Different External Voltages


Next, we investigated the influence of different external voltages on 3D-BER X-3B removal efficiency. As shown in Figure 3A, when the external voltages were 0, 0.5, 0.8, 1.0, 1.5 and 2.0 V, the average X-3B concentrations in the effluent were 377.70, 252.10, 225.15, 199.92, 141.16 and 116.70 mg/L, respectively, and the average X-3B removal efficiencies were 52.8%, 68.5%, 71.9%, 75.01%, 82.4% and 85.4%, respectively. As shown in Figure 3B, the average currents in the 3D-BERs with different X-3B concentrations were 0.58, 0.79, 0.94, 1.09 and 1.94 mA when the external voltages were 0.5, 0.8, 1.0, 1.5 and 2.0 V, respectively. Compared to the control group without external voltage, the average X-3B removal efficiency with external voltage increased in 3D-BERs. The current in 3D-BERs increased as the external voltage increased.



In our study, the removal of X-3B required electrons gain to reduce the actions of microorganisms under anaerobic conditions. Without the electron from the DC (the control group), only a few microorganisms could degrade the co-substrate to generate electrons, so the X-3B removal efficiency was low in the control group. In the experimental group, with the external voltage forming current in a 3D-BER, more electrons were available for removing X-3B in reduction reactions, and the X-3B removal efficiency increased. The larger the current in a 3D-BER, the more electrons available, and the better the removal efficiency. Electric current stimulation also improved microbial biomass and enzyme activity [10]. At the same time, the surface of the GAC was rich in microorganisms and the formation of this biological cathode greatly reduced mass transfer resistance, facilitating electron transfer from the solution to the electrode [25], so that electrons could move with high efficiency, and the removal efficiency increased. However, high current (more than 20 mA) may inactivate the microorganisms [26] and cause them to fall off [27]. In our experiment, the removal efficiency increased when the external voltage rose from 0.5 to 2 V; the current rose from 0.68 to 1.83 mA; and we did not find microbial inactivation or fall-off. Park et al. [28] found that the maximum nitrate reduction rate was 98% at an applied current of 200 mA. Wang et al. [29] found that even under the operation conditions of 0.36 A, 70% TOC was removed and complete decolorization occurred. Thus, we determined that this voltage range was beneficial for microorganisms.




3.3. UV-Vis Spectral Analysis


UV-Vis spectroscopy was conducted to investigate the removal of X-3B. The UV-Vis spectra of the influent and effluent with different external voltages when influent concentrations were 200 and 800 mg/L are shown in Figure 4A,B. This analysis revealed that the absorbance features at 235, 285, 332, 513, and 540 nm declined to different degrees, and the absorbance feature at 513−540 nm in particular declined most obviously. The wide absorbance feature that appeared at 513–540 nm was caused by the conjugated structure n-π, which is responsible for the unique red color of X-3B. The absorbance feature at 513−540 nm declined, demonstrating that the conjugated structure in X-3B was destroyed, causing X-3B discoloration in the solution. The damage to the conjugated structure was due to the strong activity of the –N=N– double bond, at which electron transition easily occurs to generate excited-state electrons and activate structural molecules, destabilizing the carbon atoms attached to azo groups. With the action of hydroxyl radicals, N–C single bonds cracked first, then the destruction of the conjugated structures of X-3B ruptured the azo bond [19,30].



The absorbance features at 235, 285, and 332 nm represented benzene rings, triazine rings, and naphthalene rings, respectively [31,32,33]. Obvious declines of the three absorbance features shown in Figure 4A were observed in effluent with different external voltages when influent concentrations were 200 mg/L. This indicates that the substances generated after the conjugated structure is damaged, such as benzene rings, triazine rings, and naphthalene rings, continue to degrade. A similar phenomenon also occurred when influent concentrations were 800 mg/L, as shown in Figure 4B. In addition, two new peaks, at 230 and 270 nm, may have been the fine multi-peaks of benzene and naphthalene rings (Figure 4A,B). The reduction reaction presumably destroyed the conjugated structure of X-3B and then formed the fine multi-peaks of the aromatic rings [28]. Therefore, the final products in effluent with different external voltages and influent concentrations were small organic molecules that were easily degraded.




3.4. Identification of Degradation Products


The results of GC-MS chromatographic analysis of the effluent from the cathode, the top of the GAC layer, and the anode are shown in Figure 5, and the chemical formulas of the metabolites are given in Table 1. In the effluent from the cathode, the main product was aniline, and it was at much higher amounts than the other products, which included phenols (C15H24O), esters (C17H24O4), and its derivatives (C7H7NCl2O). Compared to other products, the amount of aniline in the effluent from the GAC layer was still high, and hydrocarbons (C13H24) and esters (C14H26O4) appeared at the same time. Our previous study showed that these kinds of long-chain hydrocarbons are the products of further degradation of naphthalene ring compounds, and the activated carbon layer has the ability to further degrade naphthalene ring compounds [20]. The aniline content in the effluent from the anode significantly decreased, while the content of other products such as C15H24O, C17H24O4, and C14H26O4 greatly increased, indicating that aniline and aromatic amines were further degraded at the anode. Using the microorganisms at the anode surface as electron donors, aniline and aromatic amines were degraded to benzene compounds and naphthalene rings, and some of the intermediates were also degraded to hydrocarbons, phenols, and ester compounds.



Combined with the UV-Vis analysis, we speculated on the degradation pathway of X-3B in 3D-BER. The conjugated structure of X-3B was destroyed first and ruptured the azo bond, then generated the aniline, benzene rings, triazine rings, and naphthalene rings. Naphthalene rings and triazine rings were further degraded to hydrocarbons, aldehydes, and esters, while aniline was concurrently degraded to phenol. The substances generated were mainly lower-molecular-weight organic compounds.





4. Conclusions


We obtained a set of conditions for constructing a 3D-BER for X-3B degradation. The average X-3B removal efficiency reached 73.5% when the influent concentration of X-3B was 800 mg/L. The X-3B removal efficiency stabilized shortly after the influent concentration increased. The average efficiency increased from 72.8% to 95.4% with an influent concentration of 800 mg/L when the external voltage rose from 0 to 2 V. In addition, the intermediate products were identified via UV-Vis and GC-MS analysis, and the potential mechanism was discussed. We determined that after the conjugated structure of X-3B was destroyed, all of the substances generated were composed mainly of lower-molecular-weight organics. Further optimization of the operating conditions (e.g., ionic strength, cathode structure, and temperature) are needed to increase the removal efficiency of azo dye by 3D-BERs.
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Figure 1. Schematic diagram of the reactor. 
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Figure 2. The average X-3B concentration and removal efficiency at different influent concentrations. 
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Figure 3. (A) The average X-3B concentration of effluent and removal efficiency under different external voltages; (B) the relationship between external voltages and the average current. 
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Figure 4. The UV-vis spectrum of the influent and the effluent under different external voltages (A) the influent X-3B = 200 mg/L and (B) the influent X-3B = 800 mg/L. 
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Figure 5. The chromatogram of the effluent (A) the cathode area; (B) the top of the granular activated carbon (GAC) layer and (C) the anode area. 
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Table 1. Gas chromatography-mass spectrometry (GC-MS) analysis results of the effluent from the cathode area, the top of the activated carbon layer and the anode area.
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Effluent

	
Retention Time (min)

	
Molecular Formula

	
Chemical Construction

	
Chemical Name






	
The cathode area

	
7.23

	
C6H7N

	
[image: Water 09 00301 i001]

	
Aniline




	
14.06

	
C15H24O

	
[image: Water 09 00301 i002]

	
2,4-bis(1,1-dimethylethyl)-5-methyl-Phenol




	
15.47

	
C7H7NCl2O

	
[image: Water 09 00301 i003]

	
3,5-dichloropyridin-4-ol




	
18.77

	
C17H24O4

	
[image: Water 09 00301 i004]

	
Isobutyl pentan-2-yl phthalate




	
The top of the activated carbon layer

	
6.46

	
C13H24

	
[image: Water 09 00301 i005]

	
5-Undecene,7-ethenyl-




	
7.15

	
C6H7N

	
[image: Water 09 00301 i006]

	
Aniline




	
14.06

	
C15H24O

	
[image: Water 09 00301 i007]

	
2,4-bis(1,1-dimethylethyl)-5-methyl-Phenol




	
15.47

	
C7H7NCl2O

	
[image: Water 09 00301 i008]

	
3,5-dichloropyridin-4-ol




	
18.77

	
C17H24O4

	
[image: Water 09 00301 i009]

	
Isobutyl pentan-2-yl phthalate




	
23.87

	
C14H26O4

	
[image: Water 09 00301 i010]

	
Hexanedioic acid, mono(2-rthylhexyl)ester




	
The anode area

	
6.46

	
C13H24

	
[image: Water 09 00301 i011]

	
5-Undecene,7-ethenyl-




	
7.15

	
C6H7N

	
[image: Water 09 00301 i012]

	
Aniline




	
14.06

	
C15H24O

	
[image: Water 09 00301 i013]

	
2,4-bis(1,1-dimethylethyl)-5-methyl-Phenol




	
15.47

	
C7H7NCl2O

	
[image: Water 09 00301 i014]

	
3,5-dichloropyridin-4-ol




	
18.77

	
C17H24O4

	
[image: Water 09 00301 i015]

	
Isobutyl pentan-2-yl phthalate




	
23.87

	
C14H26O4

	
[image: Water 09 00301 i016]

	
Hexanedioic acid, mono(2-rthylhexyl)ester
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