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Reduced nitrogen compounds like ammonium or amines are ubiquitous constituents of wastewater. As a source of electrons, they can be oxidized without producing CO2. This makes them ideal for biogas upgrading in microbial power-to-gas processes in wastewater treatment plants as well as for energy storage. Here, we tested the hypothesis whether ammonium can be oxidized to N2 while producing energy-rich chemicals such as H2 or methane. First, we show that ammonium oxidation can be coupled to H2 production in microbial electrolysis cells. We show that with ammonium and water as the only sources of electrons, N2 gas was produced at potentials between +550 and +150 mV vs. a standard hydrogen electrode. Since H2 can neither be stored, nor transported without major upgrades of our infrastructure, we further tested the hypothesis whether wastewater nitrogen can be oxidized and used to produce methane. At a potential of +500 mV, N2 was produced from domestic wastewater while total nitrogen was removed. We compared two different types of anodes, graphite granule drums and carbon brushes, and found that both were comparable in terms of performance. The drums were slightly better in removing chemical oxygen demand, whereas the brushes produced methane faster. Our research shows that nitrogen contained in wastewater can replace water oxidation in electrolytic biogas upgrading.
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INTRODUCTION

Nitrogen compounds are major contaminants in wastewater, such as domestic, agricultural, and industrial wastewater (Rajasulochana and Preethy, 2016). They comprise predominantly ammonium but also drugs and their degradation products (Petrie et al., 2015). At the same time, 1–2% of our energy is consumed in the Haber-Bosch process capturing this nitrogen from air to produce fertilizer (Chen et al., 2018). An additional 3% of our produced energy is then used to remove these and other compounds from wastewater (McCarty et al., 2011). This energy waste produces 5% of our energy related greenhouse gases (Rothausen and Conway, 2011). In contrast, wastewater can be an energy source (Shizas and Bagley, 2004). Indeed, a small part of its energy is recovered as biogas in anaerobic digesters (AD). During the AD process, organic matter in remnant wastewater sludge is converted into methane by concerted action of microbial communities with acetoclastic methanogenesis as terminal step:
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In Equation (1), acetoclastic methanogenesis produces CO2 and methane in a stoichiometric ratio of 1:1. The CO2 reduces the biogas value to almost zero. In consequence, biogas is frequently flared off. One way to remove CO2 is to use CO2 scrubbers (Lindeboom et al., 2013). Alternative substrates can also improve the CO2:CH4 ratio (Siegert et al., 2014a). Nonetheless, carbon compounds will add CO2 to the produced biogas. Injecting H2 into ADs solves this problem (Luo and Angelidaki, 2012). The process is called biogas upgrading. Hydrogen can be generated by water electrolysis which requires expensive catalysts and high energy:
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The reason is that water spitting electrolysis in Equation (2) occurs at a voltage of 1.23 V. One way to overcome this is to replace water as an electron donor by ammonium:
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The reaction in Equation (3) takes place at only 136 mV with the respective energy savings (calculated from the half cell potentials which were taken from Bratsch, 1989). Besides the energy required for microbial electrolysis, other factors drive costs of BES, such as membranes (Rozendal et al., 2007), electrodes (Siegert et al., 2019), and control hardware (Siegert, 2018). The applied voltage to oxidize ammonium can be much lower than for water splitting with appropriate catalysts in place. In wastewater, such catalysts are microorganisms (Vilajeliu-Pons et al., 2018). Under anaerobic conditions, wastewater methanogens are active and consume the H2 produced:
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The reaction in Equation (4) keeps the H2 concentration low, usually below 10 Pa (Thauer et al., 2008). Biocathodic methanogens belong to the genus Methanobacterium (Siegert et al., 2015), which thrives on such low H2 concentrations (Karadagli and Rittmann, 2007). By removing H2, these methanogens can make ammonium oxidation spontaneous:
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The low energy gain in Equation (5) is owed to the small voltage of ΔEh = +33 mV of CO2 reduction compared with ammonium oxidation at pH 7 (Figure 1). It is hardly enough to provide the ΔG°′ = +31 kJ mol−1 necessary for ADP phosphorylation. Moreover, the nitrogen bond energy is innately high which requires strong oxidants like O2 (nitrification) or nitrite (anammox). Instead of strong oxidants, a positively poised electrode, e.g., at +500 mV, could provide the activation energy for ammonium oxidation. Such positive redox potentials do not, however, naturally occur in anaerobic environments. Here, we sought to test the hypothesis that ammonium oxidation can be coupled to hydrogenotrophic methanogensis by offering a positive electrode potential without O2. We also demonstrate that this process has an industrial application, such as wastewater treatment.
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FIGURE 1. Pourbaix diagram of the redox couples H+/H2, N2/[image: image], CO2/CH4, and the hypothetical potential of H+/H2 at +500 mV (order from negative Eh to positive).



MATERIALS AND METHODS

Microbial Electrolysis Reactor Setup

Two different experiments were conducted. First, ammonium oxidation coupled to hydrogen production was tested. In a second experiment, nitrogen removal from domestic wastewater coupled methane production was tested. For the first experiment, three simple H-cell reactors with Nafion® 117 membranes (effective area: 2.25 cm2) were used as we have described them previously (Siegert et al., 2014b). The cells contained 200 ml of artificial seawater (Siegert et al., 2014a) with 5 mM NH4Cl and water as the only sources of electrons. Each chamber had a head space of about 50 ml. Graphitized carbon brushes (4 × 4 cm) were used as bioanodes (Siegert et al., 2014b). Graphite blocks (2 × 2 × 0.32 cm) connected to titanium wires were used as cathodes. Ag/AgCl reference electrodes (RE-5B, BASi, West Lafayette, IN, USA) were inserted through the butyl rubber septa of the anode chambers. All potentials reported here are expressed vs. a standard hydrogen electrode which has an approximate offset potential to an Ag/AgCl electrode of +210 mV. The cells were operated in fed-batch cycles with the anodes poised at +550 mV for the first 2 cycles, and at +400, +200, or +150 mV, respectively for the last three cycles using a potentiostat. The total duration was ~600 days.

To demonstrate the applicability of bio-electrical ammonium oxidation in wastewater treatment, a second experiment was carried out using domestic wastewater. The experimental setup was similar to that of the first experiment with the exception that there were no membranes and that the cathodes were steel brushes (4 × 4 cm, Gordon Brush, City of Industry, CA, USA; Call et al., 2009). In one setup, the anodes were closed 4 × 4 cm titanium mesh drums filled with graphite granules, corresponding to the 4 × 4 cm carbon brushes. The electrolyte was domestic wastewater. The bio-anodes were poised at +500 mV during all fed-batch cycles. Ammonium was provided by the wastewater which usually contains no nitrate. Each cycle lasted until gas evolution ceased but no longer than 10 days. Prior to the start of all experiments, the head spaces were flushed with argon for at least 5 min. All wastewater experiments were carried out in triplicates except for the single open circuit control.

Inocula

The inocula for the first experiment were collected from the Atlantic Ocean floor off the coast of Namibia on R/V Meteor cruise M76/1 (Schippers et al., 2012). Living cultures were taken by using 1 ml of gravity core sediment, diluted 1/5 in on-site seawater, and stored over several years. The gravity cores 12803-1 SL (25°45.06S/13°04.20E, water depth 1,942 m, sediment depth 308 cm), 12808-2 SL (26°22.18S/11°53.49E, 3,796 m, 0–431 cm), and 12804-3 SL (27°44.13S/14°14.55E, 1,249 m, 8–88 cm) were used because they contained little organic carbon. They are henceforth referred to as reactors 1, 2, and 3. One ml of each sediment sample was used to inoculate 100 ml of each anode compartment. Every new batch cycle was re-inoculated with 10%v/v of the previous batch cycle resulting in a 1/10 dilution series.

In between batch cycles, the same transfer procedure was done using the wastewater inoculum. The wastewater inoculum was collected at Calgary's Fish Creek Wastewater Treatment Plant, usually during morning hours. The initial seed was enriched with 1% AD sludge to have a source of methanogens from the same plant. After that, AD sludge was not added anymore.

Analytical Procedures

Nitrogen, hydrogen, methane, and oxygen gas concentrations were measured using an SRI 310C gas chromatograph (SRI Instruments, Torrance, CA, USA) with a 6 foot molecular sieve column at 80°C. Chemical oxygen demand (COD) was determined using the HACH COD method 5220 (HACH Company, Loveland, CO, USA). Total nitrogen was measured using the Total Kjeldahl Nitrogen (TKN) method. Other nitrogen species were not determined. Currents and voltages were recorded using potentiostats. All means and standard deviations shown were calculated from the sub populations that remained in 97% confidence intervals of all fed-batch cycles.

RESULTS AND DISCUSSION

To test whether ammonium can be oxidized at an anode, we used benthic microbial inocula from the Atlantic Ocean that were depleted in organic carbon (Schippers et al., 2012). In this experiment, N2 evolved in the anodic compartments of all three inoculated reactors with ammonium as the only source of nitrogen, suggesting that ammonium was oxidized to N2 (Figure 2A). At the same time, hydrogen gas evolved in the cathode compartment (Figure 2D). We repeated these experiments with the same set of reactors with similar results. Electrical current across the circuits increased with each batch cycle, even though the anodic potential was reduced (Figure S1). With ammonium and water as the only sources of electrons, hydrogen formation on the cathodes was the result of either ammonium or water oxidation on the anodes. No O2 accumulation was recorded during the experiments, indicating that water was not oxidized. At the anode potentials of +550 mV and with graphite and titanium as electrode material, the oxidation of water and hence the formation of intermediate oxygen is impossible because either the pH must be above 12 (Figure 1) or the partial pressure of O2 below 1 Pa. However, in a parallel O2 control which was a closed serum bottle with butyl rubber stopper that was flushed with argon for >1 h, the residual O2 concentration remained at ~340 Pa. In the electrolysis reactors, the O2 concentration was similar or slightly higher, indicating that the O2 partial pressure was sufficient to inhibit water oxidation. To further test this hypothesis, we reduced the anode potentials of all three reactors to +400, +200, and +150 mV where the O2 partial pressure must be below 0.01 Pa to allow water oxidation. We observed the same effect—implying that ammonium was oxidized anaerobically at the anodes. Moreover, trace O2 from the head spaces would have competed with the anodes as an electron acceptor for ammonium oxidation, bypassing the anodes without current and H2 generation. This was not the case (Figure 2D and Figure S4). While H2 formation during the +550 mV cycles increased, it was lower during the less positive cycles, showing that electrolysis also depended on the redox potential. However, H2 cycling between the cathode and the anode may also be an explanation (Lee and Rittmann, 2010). The coupling of N2 formation with H2 production at ≤ +550 mV suggests that ammonium was oxidized by anaerobic electrogenic microorganisms. The mechanism of this novel type of anaerobic ammonium oxidation is unclear as is the identity of the organisms. From similar experiments, it seems possible that, for example, Planctomycetes (Eyiuche et al., 2017) or Nitrosomonas (Vilajeliu-Pons et al., 2018) were involved.
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FIGURE 2. Anodic N2 accumulation (A, mineral medium; B, wastewater), nitrogen removal from wastewater (C), cathodic H2 production (D, mineral medium) and CH4 production (E, wastewater), and COD removal from wastewater (F). Nitrogen production of the drum reactors in (B) is shown with the open circuit control subtracted. No such control was performed for the brushes. Voltages are against a standard hydrogen electrode (SHE). Individual fed-batch cycles in (A,D) are separated by vertical lines. Poised potentials in (A,D) are shown on top vs. an SHE in mV. Lines connecting individual data points are not interpolations and merely indicate trends. The anode drum was a titanium mesh cylinder filled with graphite granules, and the anode brush was a conventional carbon brush. Errors are standard deviations of their means within 97% confidence intervals.



As shown in the above experiments using mineral medium, the oxidation of ammonium can be coupled to abiotic H2 production at cathodes (Figures 2A,D). To link H2 formation to methane production coupled to ammonium oxidation, we tested the possibility of using real domestic wastewater with an average COD of 0.3 g l−1. Because methane gas is a cheap commodity, we compared inexpensive graphite granules in titanium mesh drums to more expensive carbon brush anodes (Call and Logan, 2008). The N2 evolution rate in the electrical treatments of wastewater using these drums was about 1.3 times faster (1.3±0.1 mmol l−1 d−1, n = 6) compared with the open circuit controls (1.0±0.3 mmol l−1 d−1, n = 4). Dinitrogen gas also evolved more rapidly at the anodes than at the cathodes (Figure 2B). The ratio of NN2:NTKN was 8.4 ± 8.4 (n = 8) for the poised potential drum anodes (open circuit: 1.2 ± 0.2, n = 3) and 1.0 ± 0.9 (n = 6) for the brush anodes. Ideally, this ratio should be 1. The higher ratio for the drum anodes can be explained by out-gassing of entrapped nitrogen during the experiments or nitrogen impurities of the graphite. Initially, the COD in the drum reactors increased by about 20% (brushes 7%), indicating that impurities did initially contribute to the mass balance. With nitrate absent from wastewater under anaerobic conditions, the results suggest that at least some TKN was removed from the wastewater at the anode in an oxidative process forming N2 as shown in the first experimental setups. However, it seems also possible that some ammonium was oxidized independent from the anode, as the open circuit control indicated. These oxidation products, such as nitrite (Kostera et al., 2010), could have been denitrified to N2 at the cathode. Indeed, some N2 formed at the cathodes (Figure 2B), but might as well have diffused over from any of the anodes. Overall, the two anode types, drum and brush, were comparable in terms of their performance. While with the drums, nitrogen was removed slightly faster than with the brushes (Figure 2C), methane production was better using the brush anodes (Figure 2E). With 56 ± 8% COD removal (n = 5), the drums, however, performed better than the brushes which removed 45 ± 6% (n = 4; Figure 2F). Despite the removal of half the COD and 10% the TKN, only 1.3 ± 0.3% (n = 6) of the electrons were recovered as hydrogen and methane using the drums (brushes: 2.6 ± 0.3%, n = 7). While this explains the discrepancy in the nitrogen mass balance compared with methane (Figures 2B,E), the reason for this loss of electrons may be explained by competing processes involving iron cycling at the steel cathodes (Figure S5). The potential charge contribution of ammonium oxidation relative to COD removal was 28 ± 4% (n = 4) at the drum anodes (open circuit 22 ± 2%, n = 3), compared with 12 ± 3% (n = 6) at the brushes. The electron recovery rate indicates active redox processes that bypassed the circuit. As time progressed, however, more electrons were transferred across the electrical circuits (Figures S2, S3, S6).

In conclusion, our research shows that ammonium oxidation can be coupled to H2 and subsequent methane production. Different inocula and electrode designs can be used to carry out these processes. They are useful for bio-electric CO2 conversion as well as for wastewater treatment.
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