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An intensifying global alarm over excessive total ammonia nitrogen (TAN) calls for innovative recovery strategies. Although electrochemically-driven TAN concentration and recovery have been explored, limited research on upscaling lab-scale advancements with careful system engineering leaves a notable gap in practical application. Here, in the context of implementing an upscaled electrochemical system, we carefully chose a suitable cation exchange membrane to ensure the best ammonium migration, energy efficiency, and stability. Systematically examining the effects of applied current density and loading rate using Neosepta CSE, we achieved final concentrated TAN levels in the receiving catholyte, reaching 836.7 mM (4.4-fold), 778.8 mM (3.5-fold), and 980.4 mM (2.8-fold), with nitrogen flux values of 801, 817, and 955 g-N m−2 d−1 for synthetic, food, and livestock wastewater, respectively, at a current density of 25 mA cm−2 and a loading rate of 2.5 mL cm−2 h−1. Successful upscaling to an 8-cell stack, capable of treating 100 L every 20 h (recovering 207 g-N d−1) of synthetic wastewater, showcases the feasibility of upscaled electrochemical systems for TAN recovery.
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1 Introduction

The element nitrogen is essential for all living organisms, but excessive reactive nitrogen, particularly in the form of total ammonia nitrogen (TAN), can produce serious environmental problems, including eutrophication, degradation of water quality, loss of biodiversity, and even climate change (Huang et al., 2016; Georg et al., 2023). TAN contamination in water is largely due to anthropogenic fertilizers applied to agricultural fields. Upon permeation of these fertilizers into the soil, they eventually reach deeper layers or the water table, where they are no longer accessible to crops, leading to a significant release of reactive TAN into the environment (McKay Fletcher et al., 2022). In conventional wastewater treatment plants, either a two-stage nitrification-denitrification process or Anammox has been employed (Kuntke et al., 2018a,b; Georg et al., 2023). While both these methods convert TAN into dinitrogen, they do so without taking advantage of the opportunity to recover it in a usable reactive form and also generate the potent greenhouse gas, N2O (Kuntke et al., 2018a). Currently, ammonia is produced using the Haber-Bosch process, which consumes 2% of the world's energy and contributes to 1–2% of carbon dioxide emissions (Kim et al., 2019, 2023; Chen et al., 2020). Given that the linear process of Haber-Bosch (10.3–12.5 kWh kg-N−1) and conventional TAN removal (6.18–13.6 kWh kg-N−1 for nitrification-denitrification and 1.5–5 kWh kg-N−1 for Anammox) are energy-intensive and do not involve resource recovery (Chen et al., 2021), extracting valuable nutrient, especially from what is considered waste, could offer a route to a circular economy.

Many research studies have recently explored physical and chemical methods for recovering TAN from waste streams, including reverse osmosis, stripping, adsorption, ion exchange, membrane distillation, and struvite precipitation (Iddya et al., 2020; Kogler et al., 2021; Jiang et al., 2022). However, there are limitations to these approaches, including high energy requirements and the use of chemical inputs. For instance, techniques such as stripping and struvite precipitation require the addition of chemicals to control the solution pH, in addition to elevated temperatures (Etter et al., 2011; Limoli et al., 2016). Membranes for reverse osmosis have limited selectivity, while ion exchange materials are often expensive, sensitive to competing ions, and require significant quantities of chemicals to regenerate, such as NaCl (Deng et al., 2014).

In recent decades, electrified TAN recovery has garnered attention due to its ability to recover TAN with minimal energy and chemical input, and in some instances, simultaneously generate energy (Kelly and He, 2014; Tarpeh et al., 2018). Within an electrochemical setup, external electrical energy is applied to initiate water electrolysis (Figure S1), which proceeds as follows:
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The electric current generated by water splitting is harnessed to recover TAN from wastewater feed (anolyte) by the migration of cations through a cation exchange membrane (CEM) toward the receiving solution (or concentrate). In this migration process, ammonium ([image: image]) can function as a charge carrier moving toward the concentrate, with its selectivity basically determined by the feed cationic content (Lee et al., 2021). At the same time, the production of hydroxyl ions (OH−) (Eq. 1) results in an increase in the pH of the [image: image]/NH3 receiving solution, leading to the accumulation of up-concentrated neutral ammonia species (NH3). The high alkalinity in the concentrated NH3 solution provides an optimal environment for subsequent effective stripping or extraction, as evidenced by prior TAN separations from the receiving solution utilizing a stripping module (Desloover et al., 2012; Luther et al., 2015; Christiaens et al., 2017) or a hydrophobic gas-permeable membrane (Hou et al., 2018; Kuntke et al., 2018a; Tarpeh et al., 2018) to an acidic trap. While recent investigations have explored the transfer of electro-concentrated NH3 to the acidic trap through methods such as optimizing the stripping stage (Losantos et al., 2021) or developing a novel gas diffusion electrode-membrane assembly to prevent severe back-diffusion of NH3 in membrane-based extraction processes (Hou et al., 2018; Zhu et al., 2023), the prior electrochemically-driven step for the concentration and migration of [image: image] remains crucial for the success of the entire process (Lee et al., 2021). Despite successfully demonstrating laboratory-scale electrochemical systems for the electrochemical concentration of TAN using commercial CEMs like Ralex® CMHPP (MEGA) (Zamora et al., 2017; Kuntke et al., 2018a; Georg et al., 2023), CMI-7000 (Membranes International) (Ledezma et al., 2017; Hou et al., 2018; Tarpeh et al., 2018; Kim et al., 2024), or Nafion 117 (DuPont) (Rodríguez Arredondo et al., 2017; Lee et al., 2021) (Table 1), the challenges of electrochemical systems become more pronounced with up-scaling, particularly concerning membrane performance, stability, and cost. The careful gains achieved in laboratory-scale operations can easily be undermined by inadequate system engineering, whereas careful optimization of CEM in an upscaled electrochemical system will significantly showcase the feasibility of electrochemical systems for TAN recovery as an alternative to conventional technologies.


TABLE 1 The performance of recent studies for electrochemical TAN recovery.
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The aim of this study was thus to showcase the performance of an upscaled electrochemical system (100 L per 20 h) for TAN concentration. Specifically, the study sought to accelerate and optimize the migration of [image: image], with a focus on identifying the most effective CEMs from various commercial options in terms of nitrogen flux, TAN selectivity, electrical energy consumption, and stability. Additionally, careful consideration was given to the impact of applied current density (mA cm−2) and load rate (in mL cm−2 h−1) of the feed on TAN recovery performance from synthetic wastewater. Finally, the system was applied for TAN recovery from real food and livestock wastewaters and upscaled to an 8-cell stack with 2,000 cm2 of electrode area, capable of treating up to 100 L per 20 h (recovering 207 g-N d−1) of synthetic wastewater. The results of this study bring energy-efficient TAN recovery closer to practical application.



2 Materials and methods


2.1 Experimental setup of the 40 cm2 cell

As depicted in a schematic diagram (Figure S1), a two-chambered electrochemical cell was established for TAN recovery at two different scales, with electrode areas of 40 cm2 and 0.2 m2 (2,000 cm2). In the 40 cm2 electrochemical cell, the dimensions of the anodic and cathodic compartments were 5 cm × 8 cm × 0.1 cm. Two mesh structures of dimensionally stable electrodes (measuring 5 cm × 8 cm × 0.1 cm, KOELECTRODE, South Korea) with Ir-Ru coating were employed, serving as the anode and cathode, fitting perfectly into their respective chambers. These compartments were separated by a CEM from various commercial vendors, with their characteristics summarized in Table S1. Consequently, the anode, cathode, and CEM all had the same projected area of 40 cm2 (5 cm × 8 cm). In the experiment utilizing the 40 cm2 cell, unless otherwise specified, the total working volume of the anolyte feed (synthetic or real wastewater) was 2 L, while the catholyte (receiving solution) was 0.2 L of 0.1 M Na2SO4. Both the anolyte and catholyte were circulated by a peristaltic pump (Masterflex) at a flow rate of 20 mL min−1. A power supply (SDP30–30D, SM Techno, South Korea) maintained a constant current (0.25, 0.5, 1, 2, 4 A) between the electrodes, and the resulting cell voltage was monitored using a potentiostat (Squidstat Plus, Admiral Instruments, USA). Due to the hydrogen evolution on the cathode, pressure built up within a cathode tank, sufficient to continuously push the gas over the headspace in the catholyte tank into the acid trap (50 mL of 1 M H2SO4).



2.2 Experimental setup of the 8-cell stack (2,000 cm2 cell)

As illustrated in Figure S2, an 8-cell stack was established with a total active electrode area of 0.2 m2 (2,000 cm2). The dimensions of the anodic and cathodic compartments were 10 cm × 25 cm × 0.1 cm. A total of sixteen dimensionally stable electrode meshes (measuring 5 cm × 8 cm × 0.1 cm, KOELECTRODE, South Korea) with Ir-Ru coating were utilized, functioning as the anode and cathode, fitting into their respective chambers. These compartments were separated by a CEM found to be optimal for our TAN recovery purpose (CSE, Astom, Japan). Each unit cell, consisting of an anode, cathode, and CEM, had the same projected area of 250 cm2 (10 cm × 25 cm), and a total of 8 unit cells were stacked to achieve a total area of 2,000 cm2. The total working volume of the anolyte feed (synthetic wastewater) was 100 L, while the catholyte was 10 L of 0.1 M Na2SO4. Both the anolyte and catholyte were circulated by a peristaltic pump (WT600–2J, LongerPump) at a flow rate of 0.2 L min−1 into each unit cell. A power supply with a current limit of 400 A (KSC, South Korea) maintained a constant current (12.5 A, 25 A, 50 A) between the electrodes, and the resulting cell voltage was monitored using a potentiostat (Squidstat Plus, Admiral Instruments, USA). Like the 40 cm2 cell operations, the hydrogen evolution reaction on the cathode resulted in a buildup of pressure in the cathode tank, providing sufficient pressure to continuously push the gas into the acid trap (500 mL of 1 M H2SO4).



2.3 Design of electrochemical operations

First, chronopotentiometric experiments were conducted at an applied current of 1 A (25 mA cm−2) to evaluate membrane performance using the 40 cm2 cell. In this step, 120 mL of the anolyte (synthetic wastewater) and 60 mL of the catholyte (0.1 M Na2SO4) were separately recirculated at 20 mL min−1 for 1 h, assessing membrane performance based on anodic TAN removal (%), nitrogen flux (g-N m−2 d−1), transference number, and energy consumption (kWh kg−1). Following the screening of optimal CEMs, the determination of the optimal current density was performed in batch operations under various applied current densities ranging from 6.25 to 100 mA cm−2 (0.25 to 4 A) utilizing a 40 cm2 cell, with 2 L of anolyte feed (synthetic wastewater) and 0.2 L of a 0.1 M Na2SO4 solution as the catholyte receiving solution. The investigation into the effect of loading rate, defined as the volume of the anolyte feed per given electrode area (40 cm2) and duration (20 h) during batch operation, involved varying the anolyte volume to 0.5, 1, and 2 L while changing the corresponding receiving volume to 0.05, 0.1, and 0.2 L, respectively. Subsequently, the identified optimal load rate was applied to the upscaled 8-cell stack.



2.4 Electrolyte solutions

The synthetic wastewater composition is summarized in Table S2. The real livestock wastewater and food wastewater were sourced from Dukwon Farm in Eonyang (Ulsan, South Korea) and BioX Clan (Seoul, South Korea), respectively, and their compositions are presented in Table S3.



2.5 Analytical methods

[image: image] concentrations were assessed using the indophenol blue method. Three reagents were made: solution A containing 0.75 M NaOH in 10 ml NaOCl (available chlorine 4.00–4.99%), solution B composed of 0.4 M sodium salicylate (NaC7H5O3) and 0.32 M NaOH, and solution C comprising 0.1 g sodium nitroferricyanide dihydrate (Na2 [Fe (CN) 5NO] · 2H2O) in 10 ml deionized water. In the procedure, 0.3 mL of the catholyte or diluted acidic trap sample was added to 3.7 mL of 0.2 M NaOH. Subsequently, 50 μL of solution A, 500 μL of solution B, and 50 μL of solution C were sequentially added. After 2-h incubation, the absorbance was measured at a wavelength of 665 nm. Solution pH was determined using a pH meter (pH meter SevenDirect SD20 Kit, Mettler Toledo). COD concentration was quantified using the HS-COD-MR kit (HUMAS, South Korea) using a UV-vis spectrophotometer. Anions were measured using Dionex ICS-1100 ion chromatographs equipped with an IonPac AS14 column (Thermo Scientific, USA). Cations were measured using inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo, iCAP Pro). For electrochemical impedance spectroscopy (EIS) analysis, a symmetric batch cell (platinum//platinum) with a 30 mL working volume was filled with fresh 1 M NH4Cl or HCl electrolyte in both chambers. In potentiostatic EIS analysis, the initial DC voltage was fixed to 0 V, with an AC voltage amplitude of 10 mV. EIS data were acquired over a frequency range spanning from 100 kHz to 10 Hz, with a sampling rate of 10 points per decade. Resistance values were derived from the Nyquist plot produced, and the obtained impedance was indicative of the membrane resistance specific to a particular cation migration.



2.6 Calculations

The TAN removal efficiency (in %) denotes the quantity of TAN removed from the anolyte following the electrochemical operation. Nitrogen flux (in g-N m−2 d−1) quantifies the amount of TAN migrating through the CEM, normalized by the projected membrane surface area (m2) per day. Transference numbers, representing the fraction of current carried by specific ions, were determined based on measurements from the indophenol method (for [image: image]) and ICP-OES (for K+), normalized by the total charge. Electrochemical energy input per mass of nitrogen (kWh kg-N−1) reveals the total electrical energy input needed to transfer one kilogram of TAN. Comprehensive equations for these metrics are available in the Supporting Information (Section S1).




3 Results and discussions


3.1 Screening of CEMs for electrochemically-mediated TAN recovery

Initially, the TAN removal efficiency and nitrogen flux were investigated for various commercial CEMs. Employing constant-current operation (galvanostatic chronopotentiometry) at 25 mA cm−2 (1 A for the 40 cm2 cell) for 1 h facilitated the assessment of TAN recovery performance variation among different CEMs under the same total charge. While the theoretically migrated charge was identical (3,600 C), the resulting compositions of the catholyte (including TAN content in the acidic trap) after electrolysis were significantly influenced by the selection of CEM. Figure 1A illustrates that Neosepta CSE achieved the highest TAN removal in the anolyte (64.5%), followed by Aquivion E98–15S (58.5%), and InnoPep-C (57.0%) during the 1 h operation with a 120 mL synthetic anolyte feed. Generally, the trend in TAN removal efficiency from the anolyte closely correlated with the corresponding nitrogen flux toward the catholyte through the CEM. Neosepta CSE exhibited the highest nitrogen flux of 1078 g-N m−2 d−1 (Figure 1A), resulting in a final catholyte TAN concentration of 208.8 mM (Figure S3). In contrast, Nafion 117 showed a much lower flux of 634.7 g-N m−2 d−1 and a final catholyte concentration of 125.9 mM (Figure S3).


[image: Figure 1]
FIGURE 1
 (A) TAN removal efficiencies and nitrogen flux, (B) electrical energy consumption, and (C) transference numbers and transference ratios ([image: image]/H+) during electrochemical operations for 1 h at 25 mA cm−2 using various CEMs. In this experimental setup, the anolyte feed had a volume of 120 mL, while the catholyte volume was 60 mL. (D) Membrane resistance values for [image: image] and H+ migration and resistance ratios (H+/[image: image]) determined using different membranes soaked in 1 M NH4Cl and 1 M HCl solutions.


The comparison of Nafion 117 and Nafion 212, thought to have the same polymer structure except for thickness, revealed similar TAN removal efficiency (43.4% for Nafion 117 and 44.2% for Nafion 212) but a significant difference in nitrogen flux (634.7 g-N m−2 d−1 for Nafion 117 and 797.5 g-N m−2 d−1 for Nafion 212) (Figure 1A). This difference could be attributed to the amount of [image: image] retained in the CEM matrix. When the used CEMs were cleansed and soaked in 1 M H2SO4 for over 24 h, and then released [image: image] was measured, the thicker Nafion 117 exhibited a larger amount of [image: image] released from the membrane compared to the much thinner Nafion 212 (Figure S4). Consequently, the larger [image: image] retention in Nafion 117 partially explained the lower nitrogen flux toward the catholyte compared to Nafion 212, despite both having the same TAN removal in the anolyte.

In practical electrochemical TAN accumulation, it is essential to consider the amount of required electrical energy. Therefore, during constant current operation (25 mA cm−2), the resulting cell voltages were closely monitored. As depicted in Figure S5, Neosepta CSE demonstrated the lowest cell voltage (<2.9 V), while Nafion 117 exhibited the highest required cell voltage. Taking these cell voltages into account, the corresponding energy consumption per unit mass of recovered nitrogen was calculated (Figure 1B). Neosepta CSE, with the highest nitrogen flux and the lowest cell voltage, demonstrated the most exceptional energy efficiency (16.5 kWh kg-N−1), whereas Nafion 117 exhibited the highest energy consumption (27.6 kWh kg-N−1).

As direct current plays a crucial role in TAN migration from the anolyte to the catholyte, we further investigated the influence of the CEM on the preferential transport of [image: image]. We observed that the electrochemical migration primarily involved protons (H+) and [image: image] from the synthetic anolyte feed to the catholyte; the accumulation of H+ in the anolyte was the major concern, caused by the oxygen evolution reaction on the anode (Eq. 2). This effect was further pronounced due to the smaller effective ionic radius of protons (0.18–0.38 Å) compared to [image: image] (1.50–1.61 Å) (Hanzu et al., 2013). This observation presents a challenge as the increasing H+ levels compete with the desired migration of [image: image] in the two-chambered system, lowering [image: image] selectivity (Lee et al., 2021). The corresponding transference numbers (fraction of current density carried by specific cations) were determined through a chronopotentiometric test at 25 mA cm−2. CEMs demonstrating high nitrogen flux (> 900 g m−2 d−1), such as Neosepta CSE, Aquivion E98–15S, and InnoPep-C, exhibited relatively higher [image: image] transference numbers (>30%) compared to others (Figure 1C). Interestingly, these three membranes also displayed higher transference ratios (the ratio of two transference numbers; [image: image]/H+) exceeding 0.4, indicating relatively higher preferential selectivity in the transport of [image: image] over H+ compared to other CEMs. On the contrary, despite applying the same total charge, Nafion 117 exhibited the lowest [image: image] transference number at ~20.7%, with the transference ratio of [image: image] to H+ (0.25) significantly lower than that of Neosepta CSE. As such, while it is widely recognized that the cationic composition of the feed solution is primarily responsible for preferential selectivity of the transported cation, there can also be, albeit marginal, preferential selectivity toward specific cations depending on the type of membrane used. We also observed that for a CEM exhibiting higher [image: image] transport to the catholyte, fewer H+ were involved in the migration, leading to a greater accumulation of H+ in the anolyte chamber and consequently a lower anolyte pH value. As shown in Figure S6, for instance, Neosepta CSE, which demonstrated the highest TAN removal from the anolyte and nitrogen flux, exhibited the lowest anolyte pH (1.48) after 1 h of operation. Conversely, the Nafion series, which demonstrated the poorest TAN removal efficiencies, exhibited the highest final anodic pH (>1.67). This is reasonable given that the Nafion series were originally developed as proton exchange membranes (Waters et al., 2022). Generally, a lower final anolyte pH was consistently associated with higher nitrogen flux, and this finding further suggests that a CEM that can preferentially, albeit slightly, transport [image: image] can suppress undesired H+ transport and result in a lower anolyte pH. While this study utilized various commercially available CEMs, the discovery encourages future efforts in developing [image: image]-selective membranes through thoughtful molecular engineering.

Furthermore, the comparison of membrane resistance in [image: image] and H+ migration across different membranes provides insights into the relative selectivity and ease of ion migration ([image: image] vs. H+). To investigate this, EIS analysis was performed using a symmetric electrochemical cell with a Pt//membrane//Pt configuration, and both chambers were filled with a specific 1 M X+Cl solution. As shown in Figure 1D, the resistance values associated with [image: image] migration (18.2–20.3 Ω) were 3 to 4 times larger than those for H+ migration (5.9–6.5 Ω) (Figure S7), consistent with the higher H+ transference number (Figure 1C) and smaller H+ size compared to NH4 [+29]. Notably, we focused on a specific metric—the resistance ratio of H+/[image: image]–to assess its potential as an indicator for ion selectivity; a higher resistance ratio of H+/[image: image] was considered indicative of relatively greater difficulty in transporting H+, suggesting a preference for selective [image: image] migration. The resistance for H+ migration was 6.5 Ω for Neosepta CSE, somewhat higher than others, and its resistance ratio of H+/[image: image] was the largest (0.323) (Figure 1D). The overall trends in nitrogen flux, [image: image] transference number, and the transference ratio of [image: image]/H+ correlated well with the trend in the resistance ratio (H+/[image: image]) (Figures 1A, B, D). The Nafion series, exhibiting poor nitrogen flux, displayed the lowest resistance ratio of H+/[image: image] (0.303) due to more facile proton transport compared to [image: image]. While this observation suggests that the resistance ratio of H+/[image: image] can serve as a straightforward indicator for dictating H+/[image: image] selectivity, further investigation into designing molecular selectivity for [image: image] transport is needed to achieve higher nitrogen flux and [image: image] selectivity.

In addition, due to the anolyte feed primarily originating from wastewaters with high chemical oxygen demand (COD), we assessed the extent of undesired crossover of organic compounds (e.g., glucose) from the anolyte to the catholyte. Thin Nafion 212 and InnoPep-C (based on polyamide nylon 66 mesh) exhibited significant glucose crossover, while Neosepta CSE displayed an acceptable degree of crossover (Figure S8). Furthermore, the Fenton oxidation test results revealed that perfluorinated or cross-linked membranes demonstrated superior oxidation stability, whereas hydrocarbon-based membranes without crosslinking (e.g., InnoSep-C102PF) were prone to degradation (Figure S8). Ultimately, Neosepta CSE was chosen as the optimal membrane for further research based on its performance in TAN removal, nitrogen flux, energy consumption, TAN selectivity, crossover, and stability.



3.2 The effect of applied current density on TAN recovery with neosepta CSE membrane

Subsequently, employing the optimal Neosepta CSE membrane, we thoroughly explored the impact of varying applied current density on TAN recovery. As depicted in Figure 2A, across all current densities, the anolyte TAN concentration experienced a rapid initial decrease, but the concentration trend reached a plateau with prolonged electrolysis, indicating a limitation in achieving maximum TAN removal due to the accumulation of H+ (Eq. 2). As anticipated, the final anolyte pH was consistently below 2 for all applied current densities, exhibiting a more pronounced pH drop at higher applied current densities (Figure S9). The higher current densities resulted in greater TAN removal from the anolyte; specifically, the final TAN concentrations in the anolyte feed were 153.8, 124.7, 104.6, 59.4, and 22 mM at 6.25, 12.5, 25, 50, and 100 mA cm−2, respectively (Figure 2A). The corresponding catholyte TAN concentration also exhibited a rapid increase in the first 3 h, slowing down over time, likely due to accelerated H+ migration (Figure 2B). Interestingly, although the anodic TAN removal was higher at 100 mA cm−2 compared to 50 mA cm−2 (Figure 2A), the final catholyte TAN concentrations were similar (1143 and 1116 mM, respectively). This was attributed first to water transport from the anolyte to the catholyte through (electro)osmosis21, which was more pronounced at higher applied current densities (over 80 mL transport at 100 mA cm−2, Figure S10), resulting in dilution of the TAN in the catholyte. Second, higher cathodic current density (e.g. 100 mA cm−2) resulted in a more substantial catholyte pH increase (Figure S9) with a more vigorous formation of H2 microbubbles, facilitating the in-situ stripping of NH3 that would eventually be trapped in the acid and thus resulting in somewhat lower TAN concentration in the catholyte. A TAN up-concentration factor of 5.7, from 200 mM to 1143 mM, was attained at a current density of 50 mA cm−2. The nitrogen flux–considering the amount of TAN in the catholyte, as well as the amount of NH3 that escaped from the catholyte and was captured in the acidic trap (1 M H2SO4)–was greater at higher current densities (Figure S11). Moreover, in the nitrogen mass balance (Figure 2C), higher applied current density led to more TAN distribution in the catholyte and acidic trap, indicating higher recovery. Across all applied current densities, close to 100% nitrogen mass balance was observed, suggesting no discernible anodic degradation of [image: image]/NH3 (Figure 2C).


[image: Figure 2]
FIGURE 2
 (A, B) Change in (A) the anolyte TAN concentrations and (B) catholyte TAN concentrations during electrochemical operations utilizing the Neosepta CSE membrane at different applied current densities. (C) The nitrogen mass balance before and after the electrolysis. (D) Electrical energy consumption during the electrochemical operations employing the Neosepta CSE membrane. In these experiments, the anolyte feed consisted of 2 L, while the catholyte volume was 0.2 L. Various constant current densities were maintained between the anode and cathode for a duration of 20 h.


We also observed a decrease in the contribution of [image: image] to the overall charge transport, as indicated by the transference number, with an increase in current density (Figure S12). This decrease can be attributed to the accelerated generation of H+ (Eq. 2) and the resulting drop in anodic pH (Figure S9), aligning with findings from a previous study (Kuntke et al., 2018a). This inefficiency at higher applied current density became notably prominent, especially when considering the greater cell voltage requirement at elevated current density levels (Figure S13), leading to increased energy consumption (Figure 2D). At a current density of 6.25 mA cm−2, the energy consumption was 8.66 kWh kg-N−1, escalating to over 70 kWh kg-N−1 at 100 mA cm−2 (Figure 2D). In this investigation, a current density of 25 mA cm−2 was determined to be the optimal level for balancing TAN removal and energy consumption; at this current density, ~50% of TAN was removed from the anolyte, resulting in a final TAN concentration of over 0.8 M in the catholyte, with the energy consumption at this level comparable to the combined energy usage of the nitrification-denitrification (from dilute NH3 to N2; 6.18–13.6 kWh kg-N−1) and Haber-Bosch processes (N2 to high-purity NH3, 10.3–12.5 kWh kg-N−1) (Chen et al., 2021).



3.3 The effect of loading rate on TAN recovery with neosepta CSE membrane

The investigation into the influence of loading rate, characterized by the anolyte feed volume per specified electrode area (40 cm2) and duration (20 h) in batch operation, was performed at 25 mA cm−2. The anolyte volume was changed to 0.5, 1, and 2 L (equivalent to the loading rates of 0.625, 1.25, and 2.5 mL cm−2 h−1, respectively). Simultaneously, changes were made to the corresponding cathodic receiving volumes−0.05, 0.1, and 0.2 L, respectively–ensuring that the volume ratio (Vanolyte/Vcatholyte) remained at 10. As the loading rate decreased, i.e., when the total anolyte volume was smaller, a more favorable TAN removal efficiency was achieved (Figure 3A), resulting in 79.0%, 61.5%, and 47.8% TAN removal from the anolyte. Concurrently, the cathodic TAN concentration increased more rapidly within the first 6 h at a lower loading rate (Figure 3B), reaching 902 mM at 6 h for the loading rate of 0.625 mL cm−2 h−1. However, the smaller loading rate, along with the reduced catholyte volume under the same Vanolyte/Vcatholyte ratio of 10, experienced more pronounced water osmosis, and the resulting dilution effect was evident in the decreasing TAN concentration after 6 h at 0.625 mL cm−2 h−1 (Figure 3B). For the smaller loading rate, the accumulation of H+ in the anolyte and OH− in the catholyte was more noticeable (Figure S14). The lower anolyte pH at a lower loading rate, coupled with a more rapid decrease in anolyte [image: image] concentration, led to reduced energy efficiency in [image: image] transport, resulting in higher energy consumption (Figure 3C). Nevertheless, nitrogen mass balance was well-maintained for all cases (Figure 3D). Considering that efficient removal was achievable when treating a larger feed volume (2 L) for a given electrode area (40 cm2), the loading rate of 2.5 mL cm−2 h−1 was selected for further experiments.


[image: Figure 3]
FIGURE 3
 (A–C) Change in (A) the anolyte TAN concentrations, (B) catholyte TAN concentrations, and (C) electrical energy consumption during electrochemical operations utilizing the Neosepta CSE membrane at different loading rates. (D) The nitrogen mass balance before and after the electrolysis. In these experiments, the anolyte feed was set at 0.5, 1, or 2 L, while the catholyte volume was adjusted to 0.05, 0.1, or 0.2 L. 25 mA cm−2 was applied between the anode and cathode for a duration of 20 h. (E) Change in the anolyte and catholyte TAN concentrations, employing food and livestock wastewater as the anolyte feed. (F) Transference numbers during electrochemical operations for 20 h at 25 mA cm−2 using food and livestock wastewater as the anolyte feed.


Based on the determined optimal current density and loading rate, the obtained results from synthetic wastewater were validated before scaling up the electrochemical system. This validation was conducted by utilizing practical food and livestock wastewater streams, with their compositions summarized in Table S3. Both wastewater samples had elevated initial TAN content, making them conducive to our electrochemical TAN concentration. Following 20 h of electrochemical operation, TAN removal rates of 67% and 40% were achieved for food and livestock wastewater samples, respectively (Figure 3E). At the same time, highly concentrated streams were generated, with final catholyte TAN concentrations of 778.8 mM and 980.4 mM for food and livestock wastewater, respectively (Figure 3E), comparable to synthetic wastewater (Figure 3B). The nitrogen flux values for food wastewater and livestock wastewater, at 817 and 955 g-N m−2 d−1, respectively, surpassed that of synthetic wastewater, which was 801 g-N m−2 d−1. As observed in synthetic wastewater samples, the transference number analysis revealed H+ as the major cationic charge carrier (~60%), while the transference numbers for [image: image] were 25.9% and 30.5% for food and livestock wastewater, respectively (Figure 3F). Monovalent ions also played a significant role in ion transport, primarily influenced by the initial anolyte feed composition, consistent with the previous observation.



3.4 Experimental setup of the 8-cell stack (2,000 cm2 cell)

Finally, we sought to scale up the electrochemical system for TAN recovery utilizing the Neosepta CSE membrane. The up-scaled 8-cell stack (2,000 cm2) (Figure S2), was 50 times larger than the smaller 40 cm2 cell. Our emphasis was on confirming the consistency of observations obtained in the smaller scale, with the applied current density varied. The loading rate was maintained at 2.5 mL cm−2 h−1, equivalent to treating 100 L synthetic wastewater over 20 h in the 2,000 cm2 system. The cathodic receiving solution was 10 L of 0.1 M Na2SO4 to have the volume ratio (Vanolyte/Vcatholyte) at 10, consistent with the 40 cm2 cell experiments described above. In the up-scaled system, consistent reproducibility was observed as in the small-scale system (Figure 4). TAN removal efficiencies in the anolyte feed were 19.0, 44.5, and 64.6% at applied current densities of 6.25, 12.5, and 25 mA cm−2, respectively (Figure 4A). The nitrogen flux (Figure 4A) and final TAN concentration in the catholyte receiving solution (Figure 4B) exhibited an increasing trend with higher applied current density. Notably, at 25 mA cm−2 in the 8-cell stack, the nitrogen flux (1034 g-N m−2 d−1) and final catholyte TAN concentration (1151.0 mM) surpassed those in the 40 cm2 cell (nitrogen flux: 801 g-N m−2 d−1, final catholyte TAN concentration: 836.7 mM) at the same current density. Required cell voltages (Figure S15) and the energy consumptions (Figure 4C) in the up-scaled cell closely mirrored those of the smaller scale, with a consumption of 22.7 kWh kg-N−1 at 25 mA cm−2 in the 8-cell stack, similar to the energy consumption value in the 40 cm2 cell at the same current density (23.5 kWh kg-N−1). Importantly, irrespective of applied current densities, a nearly 100% nitrogen mass balance was consistently observed (Figure 4D). The remarkable consistency and agreement between the smaller (40 cm2) and up-scaled (2,000 cm2) systems affirm the outstanding scalability of the electrochemically-mediated TAN recovery system, enabled by the appropriate selection of CEM.


[image: Figure 4]
FIGURE 4
 Experimental results with the 8-cell stack (2,000 cm2 cell). (A) TAN removal efficiencies and nitrogen flux, (B) final catholyte TAN concentrations, (C) electrical energy consumptions during the electrochemical operations employing the Neosepta CSE membrane in the 8-cell stack. (D) The nitrogen mass balance before and after the electrolysis. In these experiments, the anolyte feed consisted of 100 L synthetic wastewater, while the catholyte volume was 10 L 0.1 M Na2SO4. Various constant current densities were maintained between the anode and cathode for a duration of 20 h.





4 Conclusions

In conclusion, this study implemented an upscaled electrochemical system for TAN recovery. The judicious selection of the appropriate CEM, notably Neosepta CSE among several commercial options, facilitated optimal TAN recovery with the highest [image: image] selectivity over competing H+, with additional advantages in terms of energy consumption and stability. Regarding the impact of increasing applied current density, we observed improved TAN removal from the anolyte feed and increased recovery in the catholyte receiving solution with a commendable balance of high nitrogen flux and low energy consumption. At the optimal current density and loading rate, we achieved final concentrated TAN levels in the catholyte of 836.7, 778.8, and 980.4 mM, accompanied by nitrogen flux values of 801, 817, and 955 g-N m−2 d−1 for synthetic wastewater, food wastewater, and livestock wastewater, respectively. Finally, we successfully scaled up the electrochemical system to an 8-cell stack with an electrode area of 0.2 m2, capable of treating up to 100 L per 20 h (recovering 207 g-N d−1) of synthetic wastewater. The successful realization of a scalable electrochemical platform highlights the potential for broader implementation and impact in wastewater treatment scenarios.
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