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ABSTRACT 12 

Underutilized wastewaters containing dilute levels of reactive nitrogen (Nr) can help rebalance the 13 

nitrogen cycle. This study describes electrodialysis and nitrate reduction (EDNR), a reactive 14 

electrochemical separation architecture that combines catalysis and separations to remediate 15 

nitrate and ammonium-polluted wastewaters while recovering ammonia. By engineering operating 16 

parameters (e.g., background electrolyte, applied potential, electrolyte flow rate), we achieved 17 

near-complete recovery and conversion of Nr in both simulated and real wastewaters. EDNR 18 

process demonstrated long-term robustness and recovered >100 mM ammonium fertilizer solution 19 

from 8.2 mM Nr-containing agricultural runoff. EDNR is the first reported process to our 20 

knowledge that remediates dilute real wastewater and recovers ammonia from multiple Nr 21 

pollutants, with an energy consumption (245 MJ/kg NH3-N in simulated wastewater, 920 MJ/kg 22 

NH3-N in agricultural runoff) on par with the state-of-the-art. Demonstrated first at proof-of-23 
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concept and engineered to technology readiness level (TRL) 5, EDNR shows great promise for 24 

distributed wastewater treatment and sustainable ammonia manufacturing. 25 

 26 
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INTRODUCTION  31 

The nitrogen cycle is in urgent need of re-engineering. Nitrogen (N) pollution is widespread — 32 

the U.S. Environmental Protection Agency considers it “one of the costliest, most difficult 33 

environmental problems we face in the 21st century.1” Much of this pollution arises from Haber-34 

Bosch ammonia synthesis, a promising solution to an early 20th century challenge: producing 35 

enough fertilizer to feed a growing global population. Despite successfully supplying sufficient 36 

fertilizer, the Haber-Bosch process introduced several sustainability challenges due to its use of 37 

fossil fuels to synthesize ammonia (NH3) from inert N2 at ~700 K and ~100 atm; these extreme 38 

conditions require 1-2% of global energy consumption and 1.2% of greenhouse gas emissions.2–5 39 

In contrast, anthropogenic removal of reactive nitrogen (Nr) from the environment (often as N2) is 40 

only half the rate of its production, leading to costly Nr pollution that has exceeded critical 41 

thresholds for environment and human welfare and caused direct damages worth 0.3–3% of annual 42 

global gross domestic product.6,7 Even with universal adoption of known Nr mitigation actions 43 

(e.g., efficient fertilizer application and livestock management), environmental discharges of Nr 44 

are projected to surpass 95 million tons per year in 2050.3,7 This perilous gap between Nr 45 

production and mitigation calls for transformative technologies that can produce Nr products with 46 

low associated emissions and that can remove Nr from the environment.  47 

 48 

Instead of solely targeting sustainable Nr production (N2 to Nr, e.g., electrified ammonia synthesis) 49 

or Nr removal (Nr to N2, e.g., denitrification), we shortcut the inert N2 intermediate and directly 50 

convert Nr pollutants to Nr products through wastewater refining.8 Globally, wastewater contains 51 

a yearly stream of 35–78 million tons Nr, which could offset 15–34% of total Nr required by 2050. 52 

8 Specifically, we target municipal wastewater and agricultural runoff because they contribute over 53 
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90% of Nr emissions and often occur in areas where clean water and fertilizer are most needed.7,8 54 

Among various Nr pollutants, we focus on nitrate (NO3
–
) and ammonium (NH4

+) because they 55 

dominate aqueous Nr pollution, often coexist in target wastewaters, and threaten the health of both 56 

ecosystems (e.g., eutrophication) and humans (e.g., methemoglobinemia, colon cancer).9–12 By 57 

targeting both NO3
–
 and NH4

+, we avoid the Nr cascade problem, where Nr species interconvert to 58 

continue harming the environment.4,13 Out of several possible Nr products we leverage the 59 

electrochemical nitrate reduction reaction (NO3RR) to convert nitrate into ammonia, a common 60 

fertilizer and chemical precursor. We pursue electrochemical methods because they facilitate 61 

replacement of fossil fuels with renewable energy inputs and enable distributed implementation 62 

that matches the distributed nature of our target wastewaters. Ultimately, electrochemically 63 

refining wastewater NO3
–

 and NH4
+  to NH3 can (1) remediate legacy Nr pollution in the 64 

environment, (2) recover valuable Nr resources, and (3) reduce the need for virgin Nr production 65 

and related emissions from Haber-Bosch facilities.  66 

 67 

Achieving the full potential of wastewater Nr refining requires overcoming challenges intrinsic to 68 

decentralized wastewater feedstocks, including dilute mixed Nr pollutants (typically below 10 69 

mM), low total ionic conductivity, and complex and variable background matrices. In contrast, 70 

electrochemical NH3 recovery and NO3RR systems are often demonstrated with simplistic 71 

matrices with a single Nr species at higher concentrations (usually above 10 mM), well-controlled 72 

pH, and high ionic conductivity to operate efficiently. This mismatch in decentralized wastewater 73 

characteristics and electrochemical Nr recovery system requirements leads to low efficiency when 74 

real wastewater is directly used as the electrolyte. Therefore, we leverage electrochemical reactive 75 

separations, where separation and reaction are collated within the same reactor and happen in 76 
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tandem.8,13,14 Unlike processes with discrete reactant separation and catalysis steps, reactive 77 

separations utilize separations to create favorable and stable reaction environments from complex 78 

feedstocks, and reactions to produce product mixtures that inform separations. Electrochemical 79 

reactive separations have been demonstrated to recover carbon (reactive carbon capture),15–19 80 

sulfur,20–24 and lithium,25–30 but have rarely been used to recover NH3 from NH4
+-containing31–33 81 

and from NO3
–
-containing34–37 wastewaters, and even more rarely for wastewaters containing both 82 

NH4
+ and  NO3

–
.  83 

 84 

In this study, we developed a novel electrochemical reactive separation unit process, 85 

Electrodialysis and Nitrate Reduction (EDNR), to recover and synthesize NH3 from dilute NH4
+ 86 

and NO3
–
-polluted wastewaters. EDNR consists of three sub-unit processes: (1) electrodialysis to 87 

separate influent NH4
+  and NO3

–
  from wastewater, (2) deprotonation of NH4

+  with 88 

electrochemically in situ generated OH– to recover NH3, and (3) electrocatalytic reduction of NO3
–
 89 

to synthesize NH3 using polycrystalline titanium (Ti) foil electrodes. This unit process is the first 90 

to our knowledge that targets multiple Nr pollutants and recovers NH3 from both dilute wastewater 91 

NH4
+  and NO3

–
 using electrochemical reactive separations. We achieved near-complete Nr 92 

conversion and recovery in simulated wastewater through engineering operating parameters. 93 

Furthermore, we systematically studied effects of feedstock compositions and tested real 94 

wastewaters that span two orders of magnitude in total ionic concentration (well water, agricultural 95 

runoff, reverse osmosis retentate). The EDNR process showed excellent stability over 60-hour 96 

operation and recovered 12-fold concentrated ready-to-apply NH3 fertilizer solution from 97 

agricultural runoff, with an energy consumption (920 MJ/kg NH3-N) on par with the state-of-the-98 

art (18–101 MJ/kg NH3-N from NH4
+  and 168–31400 MJ/kg NH3-N from NO3

–
). Our efforts 99 
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advanced beyond proof-of-concept to achieve TRL 5 (validation in a relevant environment, i.e., 100 

real wastewater), demonstrating that EDNR can be implemented as an individual module or part 101 

of a treatment train to enable integrated distributed water treatment and sustainable NH3 production.  102 

 103 

METHODS 104 

Electrodialysis and nitrate reduction (EDNR) reactor and operation  105 

The EDNR reactor is a three-chamber cell, with an anion exchange membrane (AEM, Table 1) 106 

separating the NH3 synthesis (left) and influent (middle) chambers, and a cation exchange 107 

membrane (CEM, CMI-7000, Membranes International) separating the influent (middle) and NH3 108 

recovery (right) chambers (Fig. 1a). All three chambers have the dimensions: 3.15 cm (H) x 1.8 109 

cm (W) x 1.19 cm (D) (Fig. S1 in the Supporting Information, SI). Semi-batch mode was used, 110 

and electrolytes were recirculated between the electrochemical reactor chambers and their 111 

corresponding electrolyte reservoirs (total electrolyte volume of 50 mL for each chamber) using 112 

peristaltic pumps.  113 

 114 

The EDNR process operates in two stages, referred to as the electrodialysis (ED) stage and the 115 

nitrate reduction (NR) stage (Fig. S2–3). In each ED stage, controlled current is applied to IrO2-116 

Ta2O5/Ti mesh electrode (anode) in the NH3 synthesis chamber and platinum electrode (cathode) 117 

in the NH3 recovery chamber. Influent NO3
–
 and NH4

+ are separated via electromigration into the 118 

NH3 synthesis and NH3 recovery chambers, respectively; NH4
+  combines with the 119 

electrochemically-generated OH–, and NH3 is recovered in the NH3 recovery chamber (NH4
+ +120 

OH
– → NH3 + H2O). In each NR stage, controlled potential is applied to the Ti electrode (cathode) 121 
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in the NH3 synthesis chamber and IrO2-Ta2O5/Ti mesh electrode (anode) in the influent chamber; 122 

NH3 is synthesized from the electrochemical NO3RR (NO3
– + 8𝑒− + 9H+ → NH3 + 3H2O) in the 123 

NH3 synthesis chamber. The two consecutive stages complete one EDNR cycle, and multiple 124 

cycles can be conducted to achieve treatment goals (e.g., complete removal and recovery of 125 

influent Nr). 126 

 127 

Detailed experimental descriptions (e.g., reagents, instrumentation, procedures) are given in SI 128 

Section S1.1 and S1.2. Reactor schematics and operation procedures of two-chamber NR reactor, 129 

long-term EDNR, and membrane stripping experiments are described in SI Section S1.3 and S1.4. 130 

Electrolyte compositions and operating parameters used in all EDNR experiments are summarized 131 

in Table S1. 132 

 133 

Product analysis and key performance metrics 134 

Electrolyte aliquots from all three electrolyte reservoirs were sampled for pH measurement and 135 

aqueous product analysis before and after each stage (ED or NR). Due to acid–base equilibria, we 136 

reported the sum concentrations of weak conjugate acid–base pairs using nitrite (NO2
–
) to represent 137 

the sum of anionic nitrite and nitrous acid (pKa 3.16 at 25 C), and ammonia (NH3) to represent 138 

the sum of cationic ammonium (pKa 9.25 at 25 C) and ammonia for brevity. NO3
–
 and NO2

–
 139 

concentrations were quantified using anion chromatography, and NH3 concentrations were 140 

quantified using spectrophotometric flow injection analysis. See SI Section S1.5 for detailed 141 

sample analysis methods. 142 

 143 
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To evaluate efficiency of the EDNR process in recovering NH3 from influent Nr, we defined the 144 

following two metrics: 145 

 NH3 recovery efficiency (𝜂Recovery): 146 

𝜂Recovery, Cycle i =
[NH3]Rec, EDi − [NH3]Rec, Ini

[NH3]Inf, Ini
 Eqn. 1 147 

Where [NH3]Rec, EDi is the NH3 concentration in the NH3 recovery chamber at the end of the ED 148 

stage in cycle i, [NH3]Rec, Ini is the initial NH3 concentration in the NH3 recovery chamber before 149 

EDNR starts (i.e., in the initial wastewater), and [NH3]Inf, Ini is the initial NH3 concentration in the 150 

influent chamber before EDNR starts. 151 

 NH3 synthesis efficiency (𝜂Synthesis): 152 

𝜂Synthesis, Cycle i =
[NH3]Syn, NRi − [NH3]Syn, Ini

[NO3
–]Inf, Ini

 Eqn. 2 153 

where [NH3]Syn, NRi is the NH3 concentration in the NH3 synthesis chamber at the end of the NR 154 

stage in cycle i, [NH3]Syn, Ini is the initial NH3 concentration in the NH3 synthesis chamber before 155 

EDNR starts, and [NO3
–]Inf, Ini is the initial NO3

–
 concentration in the influent before EDNR starts. 156 

 157 

Definitions of the other performance metrics for the ED stage ( NH4
+  and NO3

–
 ED current 158 

efficiency, and NO3
–
 ED flux) and NR stage (total current density, NH3 partial current density, 159 

time-averaged NR NO3
–
 removal rate, Faradaic efficiency) are defined in SI Section S1.7. All 160 

current densities shown were calculated using the electrode geometric area. 161 

  162 
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RESULTS AND DISCUSSION  163 

Proof-of-concept EDNR 164 

As proof-of-concept, we used simulated wastewater with relatively simple compositions and 165 

intermediate Nr concentrations between high values used in typical fundamental research (Fig. S6) 166 

and our target wastewater feedstocks as the EDNR influent (13.9 mM (NH4)2SO4 + 1.6 mM KNO3). 167 

During ED stages, influent NH4
+ and NO3

–
 were separated into the NH3 recovery and NH3 synthesis 168 

chambers, respectively (Fig. 1b), and favorable pH environments were achieved by 169 

electrochemical water oxidation and reduction reactions: pH >9 in the NH3 recovery chamber to 170 

recover NH4
+ as NH3, and pH <3 in the NH3 synthesis chamber to prepare for NR. Ti was chosen 171 

as a generic NO3RR electrocatalyst because it is selective to NH3, abundant, and corrosion resistant, 172 

all of which are suitable characteristics for treating real wastewater.38–40 Ti also exhibits higher 173 

nitrate reduction activity in acidic environments, making it well-suited for EDNR.38,40 In the 174 

following NR stages, NH3 was synthesized from Ti-catalyzed reduction of the electromigrated 175 

NO3
–
. By repeating the ED and NR stages for multiple cycles, we removed increasing amounts of 176 

NH4
+ and NO3

–
 from the influent. At the end of three EDNR cycles, >70% of influent NH4

+ was 177 

recovered (defined as NH3 recovery efficiency, 𝜂Recovery, Eqn. 1), and 25% of influent NO3
–
 was 178 

converted to NH3 (defined as NH3 synthesis efficiency, 𝜂Synthesis  , Eqn. 2). The total nitrogen 179 

balance in the system was also very well closed (–11.2% to +1.3% among all stages, Fig. S8d). 180 

Although the process functioned as designed, 𝜂Synthesis  was consistently lower than 𝜂Recovery , 181 

indicating more complete recovery from NH4
+ than conversion from NO3

–
 despite the much higher 182 

influent NH4
+  concentration. The poor 𝜂Synthesis   resulted from low NO3RR activity and NH3 183 
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selectivity (Fig. S12), which necessitates improving the NR process to extract NH3 more 184 

completely from wastewater Nr (especially wastewaters with high NO3
–
 concentrations). 185 

 186 

 187 

 188 
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Fig. 1 (a) Schematics of the EDNR process. Electrode 1: Ti foil, 2 and 3: IrO2-Ta2O5/Ti mesh, 4: Pt foil. I 189 

and E represent controlled applied current and potential in ED and NR stages, respectively. (b) Trends of 190 

NH3 and NO3
–
 concentrations in proof-of-concept experiment. NO3

–
 concentrations in the influent chamber 191 

are enumerated to highlight their values on the large scale used for NH3 concentrations. (c) Magnitude of 192 

NH3 partial current density (left y-axis) and production rate (right y-axis) in background electrolytes with 193 

a variety of anions: 0.5 M Na2HPO4, 0.5 M Na2SO4, 1 M NaCl, and 1 M NaClO4, pH adjusted to 1.72 with 194 

2 M HClO4. (d) Magnitude of NH3 partial current density (left y-axis) and production rate (right y-axis) in 195 

1 M NaClO4 with a variety of initial pH: 1.41, 1.64, 1.93, and 2.45. All experiments in (c) and (d) were 196 

conducted in two-chamber reactors, 10 mL specified background electrolyte was added to both chambers, 197 

and 10 mM NaNO3 was added to the cathode chamber. Applied static potential of –0.8 V vs. RHE for 30 198 

min. Open symbols represent results from each replicate experiment, and filled symbols represent the 199 

average values. Comparison of (e) NH3 recovery and (f) NH3 synthesis efficiencies in proof-of-concept and 200 

optimized NR experiments. Error bars represent ± one standard deviation. 201 

 202 

Engineering of EDNR operating parameters 203 

The EDNR process leverages several key operating parameters (e.g., background electrolyte, 204 

applied current/potential, stage duration, electrolyte flow rate) that enable flexible tuning of this 205 

process to adapt to treatment goals. To improve the low 𝜂Synthesis  in proof-of-concept experiments, 206 

we employed electrolyte engineering, which has been shown to substantially influence the activity 207 

and selectivity of electrocatalytic reactions41–44 including NO3RR.38,45,46 Rather than directly 208 

conducting NO3RR in complex, dynamic decentralized wastewaters, the EDNR reactor separates 209 

the NH3 synthesis chamber from the influent using an AEM. This design allows for flexible 210 

selection of background electrolyte, as well as conditioning of the NR electrolyte through 211 

preceding ED stages. Although high concentration of background electrolyte40 and acidic pH38,40 212 

https://doi.org/10.26434/chemrxiv-2024-2g3kn ORCID: https://orcid.org/0000-0002-8775-3085 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-2g3kn
https://orcid.org/0000-0002-8775-3085
https://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

are known to enhance NO3RR activity and NH3 selectivity on Ti, effects of anion identity and 213 

specific optimal pH are not well understood. To address this knowledge gap, we varied the NR 214 

background electrolyte anion identity and initial pH in an isolated two-chamber reactor to identify 215 

the optimal NR environment (see SI Section S1.3). The background electrolyte concentration was 216 

fixed as 1 M (cation concentration) to ensure high NO3RR activity,34,40 and the cation identity was 217 

fixed as Na+. First, we found that weakly adsorbing ClO4
– 9,46,47 outperformed other anions 218 

commonly used in electrocatalysis studies and present in wastewater (HPO4
2–

, SO4
2–

 and Cl–) and 219 

exhibited the highest NH3 partial current density (j
NH3

, Fig. 1c). Second, the highest j
NH3

 occurred 220 

in an optimal initial pH around 1.6 (Fig. 1d), above which Ti electrode shows little activity (total 221 

current density  j
total

 <0.2 mA/cm2, Fig. S9b) and below which hydrogen evolution reaction (HER) 222 

and Ti hydride formation39 dominate electrode reactions (>50% FE, Fig. S9d). In addition to 223 

electrolyte engineering, we previously found that changing the applied potential pattern from static 224 

to pulsed can periodically replenish the local electrolyte acidity and increase the ammonia-to-225 

nitrite selectivity.40 When we applied a pulsed potential to this two-chamber system,  j
NH3

 doubled 226 

(Fig. S10).  227 

 228 

Therefore, we engineered the following EDNR operating parameters to enhance NR performance 229 

(Table 1): (1) chose 1 M NaClO4 as the NH3 synthesis chamber background electrolyte to 230 

maximize NH3 partial current density, (2) used a monovalent-selective AEM to limit the 231 

disturbance in NR activity from multivalent and strongly adsorbing anions in wastewater, (3) 232 

increased ED stage applied current to achieve optimal initial bulk pH for subsequent NR stages, 233 

(4) applied pulsed potential (reduction potential of –0.8 V vs. RHE) in NR stages to enhance NH3 234 
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selectivity, and (5) increased NR stage electrolyte flow rate to accelerate nitrate removal.40 We 235 

conducted triplicate 3-cycle EDNR experiments using the same simulated wastewater (13.9 mM 236 

(NH4)2SO4 + 1.61 mM KNO3) as the influent; the set of experiments is referred to as optimized 237 

NR in the following text. Compared to proof-of-concept, we successfully increased the FENH3
 by 238 

1.2–2.9 times (to around 20%) and j
NH3

 by 6–14 times (to –0.6 to –1.2 mA/cm2, Fig. S12). 239 

Although FENH3
 and j

NH3
 observed in optimized NR are lower than values reported in the NO3RR 240 

literature,9 we note that they were achieved in realistically dilute NO3
–
 concentration and could be 241 

improved when using higher NO3
–
  feedstocks.38,40 FENH3

 and j
NH3

 remained steady across all 242 

cycles, which we attribute to ED repeatedly accessing a favorable NH3 synthesis chamber pH for 243 

NR. Importantly, optimized NR closed the gap between NH3 synthesis and NH3 recovery by 244 

achieving near-unity efficiency for both metrics at the end of 3 cycles from the same simulated 245 

wastewater influent (0.84±0.10 for 𝜂Recovery, and 1.11±0.12 for 𝜂Synthesis , Fig. 1e–f).  246 

 247 

Table 1 Comparison of experiment conditions used in proof-of-concept and optimized NR 248 

 Proof-of-concept Optimized NR 

Influent 13.9 mM (NH4)2SO4 + 1.61 mM KNO3 

NR electrolyte 0.1 M KClO4 1 M NaClO4 

AEM General (AMI-700) Monovalent-selective (Selemion AMVN) 

ED current density 2.63 mA/cm2 3.95 mA/cm2 

ED duration 60 min 

NR potential 
–0.6 V vs. RHE, 

potentiostatic 

–0.8 V vs. RHE, pulsed (10 s at reduction potential, 

followed by 10 s at open circuit) 

NR flow rate 30 mL/min 100 mL/min 

NR duration 120 min 

 249 

https://doi.org/10.26434/chemrxiv-2024-2g3kn ORCID: https://orcid.org/0000-0002-8775-3085 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-2g3kn
https://orcid.org/0000-0002-8775-3085
https://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

Next, we examined ED performance after implementing NR reaction environment engineering. 250 

Near-complete removal (Eqn. S8–9) was achieved for both NH4
+ (87%) and NO3

–
 (84%) at the end 251 

of 3 cycles. But unlike the steady NR performance, the ED performance decayed as more Nr was 252 

removed from the influent: current efficiency for NH4
+ dropped from 57% (ED1) to 25% (ED3), 253 

and from 4.5% (ED1) to 1.0% (ED3) for NO3
–
 (proportional to ionic flux, Fig. S13a, S14a). We 254 

identified that (1) the ED ionic fluxes were likely controlled by transport from the influent to 255 

AEM/CEM, rather than transport across the membranes, and (2) the decreasing transport from the 256 

influent to AEM/CEM originated from the decreasing influent Nr concentrations (see SI Section 257 

S3.2.2). Within the same cycle, the substantial difference in current efficiency between NH4
+ and 258 

NO3
–
 was caused by their abundance and conductivity relative to coexisting ions (transference 259 

number) in the influent. In the simulated wastewater NH4
+ has an initial transference number of 260 

0.95 and was the major charge-carrying cation across the CEM, whereas NO3
–
 has an initial 261 

transference number of 0.025 due to its low concentration and was a minor charge-carrying anion 262 

across the AEM (see SI Section S2). Compared to proof-of-concept, NO3
–
 ED flux was improved 263 

by 0.4–3.7 times in optimized NR, confirming that the monovalent-selective AEM exhibits 264 

favorable selectivity towards NO3
–
 (Fig. S13b, S14b).  265 

 266 

To enhance ED performance, we first tried shortening the ED duration to avoid operating under 267 

low transport driving force (low influent Nr concentrations, see SI Section S3.2.3). We found that 268 

halving the ED duration (i.e., halving the total charge passed, 30 min in ED2 and ED3) did not 269 

significantly impact the current efficiency nor flux for NH4
+  and NO3

–
  transport but lowered 270 

𝜂Recovery (Fig. S15). The shortened ED duration also led to higher than optimal pH in the NH3 271 
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synthesis chamber and consequently impaired 𝜂Synthesis (Fig. S16). The unexpected adverse effects 272 

of shortened ED duration exhibited on NR performance underscore the intimate connection 273 

between separation and reaction in EDNR: separation influences subsequent reaction by 274 

conditioning the reaction environment. Aside from shortening ED duration, we tried enhancing 275 

transport by increasing the electrolyte flow rate during the shortened ED stages (to the same flow 276 

rate as in NR, 100 mL/min). The higher electrolyte flow rate helped restore a high 𝜂Recovery, but 277 

the NH3 synthesis chamber pH was not significantly altered, and 𝜂Synthesis  remained low (Fig. S15–278 

16). Therefore, we concluded that while the combination of shortened ED stage duration (less 279 

charge passed) and high electrolyte flow rate could generate high 𝜂Recovery, sufficient ED stage 280 

duration is critical to achieving the optimal NR reaction environment and associated high 𝜂Synthesis . 281 

In the following experiments, operating parameters from optimized NR were applied unless 282 

otherwise specified. 283 

 284 

Impacts of influent compositions on EDNR performance 285 

As the target feedstocks for EDNR, decentralized wastewaters exhibit a wide range of 286 

compositions dependent on the source location and time;10,48–50 however, feedstock composition 287 

impacts have rarely been studied in electrochemical Nr conversion and recovery literature. We 288 

have demonstrated that NO3RR is particularly prone to background electrolyte composition and 289 

initial pH. To further inform high-TRL EDNR implementation, we systematically studied influent 290 

composition effects on the unit process level using increasingly realistic feedstocks. First, we 291 

deconvoluted effects of common wastewater components by independently introducing them to 292 

the simulated wastewater matrix used in proof-of-concept and optimized NR via three modified 293 
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simulated wastewaters: NO3
–
-laden, SO4

2–
-laden, and Cl–-laden. Then, we moved on to using three 294 

real wastewater feedstocks: well water (Stanford, CA), agricultural runoff (Salinas, CA), and  295 

reverse osmosis (RO) retentate (from full advanced treatment of municipal wastewater, Silicon 296 

Valley Clean Water, Redwood City, CA) (Fig. 2a). In the following discussion, we (1) analyze 297 

impacts of each scenario on NH3 synthesis, (2) discuss generalizable implications of each scenario 298 

on NH3 recovery, and (3) identify strategies for EDNR to adapt to different feedstock compositions. 299 

 300 

Modified simulated wastewaters  301 

To imitate NO3
–
  concentrations in different feedstocks (e.g., 20–60 mM in reverse osmosis 302 

retentate50,51), we used NO3
–
-laden simulated wastewater as EDNR influent (13.9 mM (NH4)2SO4 303 

+ 26.4 mM KNO3). Compared to using the baseline simulated wastewater (optimized NR), both 304 

the NO3
–
 ED flux and concentration in the NH3 synthesis chamber increased nearly 1-to-1 with the 305 

increase in influent NO3
–
  concentration (Fig. S17a–b). During NR, j

total
 was not significantly 306 

different (Fig. S17c), but FENH3
 improved to >40%, and j

NH3
 increased by 1.9–2.5 times (Fig. 2b 307 

and Fig. S17d–e). Unlike NO3
–
  ED flux, j

NH3
 did not increase linearly with NO3

–
  concentration, 308 

suggesting a fractional reaction rate order with respect to NO3
–
;52 the enhanced FENO2

– indicated 309 

that further hydrogenation of NO2
–
 to NH3 was also limited (e.g., by insufficient proton supply). 40 310 

Despite the higher j
NH3

, end-of-run 𝜂Synthesis   decreased from 1.11±0.12 in baseline simulated 311 

wastewater to 0.11 as a result of incomplete conversion of influent NO3
–
 (Fig. 2c and Fig. S18a). 312 

Therefore, achieving a high 𝜂Synthesis in NO3
–
-rich feedstocks requires longer NR stage duration, 313 

more EDNR operation cycles, or more active NR electrodes. 314 
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 315 

Beyond NO3
–
, we introduced SO4

2–
 and Cl– because they are the most common divalent and 316 

monovalent anions in wastewaters. We added high concentrations to the baseline simulated 317 

wastewater (13.9 mM (NH4)2SO4 + 1.6 mM KNO3 + 50 mM Na2SO4 or 100 mM NaCl) as the 318 

influent to amplify their effects. Amidst these concentrated coexisting anions, NO3
–
 transference 319 

number decreased by an order of magnitude (SI Section S2). The NO3
–
 ED flux in both scenarios 320 

was lowered significantly in cycle 1, but gradually converged towards optimized NR, leading to 321 

similar NO3
–
 concentrations in the NH3 synthesis chamber starting from cycle 2 (Fig. S19a–b). The 322 

monovalent-selective AEM largely blocked SO4
2–

 from entering the NH3 synthesis chamber in the 323 

SO4
2–

-laden scenario, and selectively transported Cl– to maintain charge neutrality in the Cl–-laden 324 

scenario (Fig.S19c–f). As shown in NO3RR electrolyte engineering experiments, additional SO4
2–

 325 

and Cl– suppressed FENH3
 and lowered j

NH3
(Fig. 2b). In the Cl–-laden scenario, the insufficient 326 

acidity at the beginning of each NR stage (caused by chlorine evolution reaction during ED, Fig. 327 

S20b) further impaired NR performance. Consequently, end-of-run 𝜂Synthesis   decreased from 328 

1.11 ± 0.12 in baseline simulated wastewater to 0.32 and 0.03 in SO4
2–

-laden and Cl–-laden 329 

scenarios, respectively (Fig. 2b and Fig. S18a). The sensitivity of 𝜂Synthesis to influent coexisting 330 

anions highlights that to improve the adaptability of EDNR to treat a wide range of wastewaters, 331 

future efforts should develop NO3
–
-selective AEMs that enable targeted separation of NO3

–
 from 332 

complex influent matrices. 333 

 334 

In contrast to the composition-specific 𝜂Synthesis , 𝜂Recovery  exhibited a generalizable trend with 335 

respect to the initial NH4
+ transference number in the influent (Fig. 2c, open symbols). With a 336 
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higher coexisting cation concentration, the NH4
+ ED current efficiency decreased along with its 337 

transference number (Fig. S21). Experimentally, we observed that the end-of-run 𝜂Recovery nearly 338 

monotonically decreased with decreasing NH4
+ transference number: 0.84 in baseline simulated 339 

wastewater, 0.59 in NO3
–
-laden, 0.41 in SO4

2–
-laden, and 0.37 in Cl–-laden scenarios. Therefore, to 340 

restore nearly complete NH3 recovery in the presence of coexisting cations, we could extend ED 341 

stage duration (pass more charge) or increase ED state electrolyte flow rate (intensify the ED mass 342 

transport). 343 

 344 

 345 

Fig. 2 (a) Compositions of different wastewaters used as influents in EDNR experiments. (b) Effects of 346 

influent compositions on average NH3 Faradaic efficiency (left y-axis) and NH3 partial current density (right 347 
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y-axis) in NR stages. Influents: simulated wastewater (13.9 mM (NH4)2SO4 + 1.6 mM KNO3), and 348 

simulated wastewater +25 mM KNO3 (NO3
–
-laden), or +50 mM Na2SO4 (SO4

2–
-laden), or +100 mM NaCl 349 

(Cl–-laden). (c) End-of-run NH3 recovery efficiency as a function of influent NH4
+ transference number, and 350 

(d) end-of-run NH3 synthesis efficiency as a function of influent NO3
–
 concentration in EDNR experiments 351 

using different modified simulated (open symbols) and real wastewater (filled symbols). Error bars 352 

represent ± one standard deviation. 353 

 354 

Real wastewaters 355 

In addition to understanding deconvoluted effects of influent compositions in modified simulated 356 

wastewaters, we examined EDNR performance in real wastewaters with much more complex 357 

compositions. We selected three representative wastewaters that contain dilute Nr levels and a 358 

wide range of total charge concentrations as the EDNR influent (well water, agricultural runoff, 359 

and RO retentate, Fig. 2a). To test both ED and NR performances in these real wastewater matrices, 360 

we manually added NH4
+ in the form of (NH4)2SO4 to reach a concentration of 8 mM in well water 361 

and 4.8 mM in agricultural runoff, ensuring the coexistence of NH4
+  and NO3

–
 . Depending on 362 

sampling sites (e.g., livestock farms) and time (e.g., nitrification progress in soil, time since 363 

previous rainfall), agricultural runoff could contain a similar level of NH4
+.53 For ED performance, 364 

we found that the empirical relationship between end-of-run 𝜂Recovery  and initial influent NH4
+ 365 

transference number held very well (Fig. 2c, filled symbols). In real wastewater EDNR influents, 366 

due to competition from coexisting cations, NH4
+ ED current efficiency decreased (Fig. S22), and 367 

𝜂Recovery for all three real wastewaters fell short of optimized NR. But notably, in the low NH4
+ 368 

transference number range, real wastewaters outperformed modified simulated wastewaters, 369 

suggesting that the CEM is more selective towards monovalent NH4
+ over divalent cations (Ca2+, 370 
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Mg2+) present in these real wastewaters under our ED operating conditions. Based on Fig. 2c, NH4
+ 371 

transference in the feedstock with corrections based on divalent cation concentration could be used 372 

to predict NH3 recovery performance in EDNR. 373 

 374 

For NR performance, end-of-run 𝜂Synthesis   in all three wastewaters was far below that of the 375 

baseline simulated wastewater and did not correlate with influent NO3
–
 concentration (Fig. 2d).  376 

j
total

 in RO retentate was similar to in the baseline simulated wastewater, but significantly lower in 377 

well water and agricultural runoff (Fig. S23a). Based on the influent composition effects observed 378 

in modified simulated wastewaters, we attributed the cause of impaired NR to unique compositions 379 

of each wastewater. RO retentate contains comparable concentrations of NO3
–
  and SO4

2–
 to 380 

simulated wastewater, with additional NO2
–
 (6.9 mM), Cl– (45.2 mM), and HCO3

–
 (estimated 113.3 381 

mM). While NO2
–
 could also be reduced and produce NH3 during NR, it was counterbalanced by 382 

adverse effects from Cl– and possibly HCO3
–
  (competitive adsorption,54,55 electrochemical 383 

deprotonation,56 or electrode surface scaling with divalent cations49), leading to significantly lower 384 

j
NH3

 (ca. 50% of optimized NR). Well water contains about half as much NO3
–
 as simulated 385 

wastewater (0.7 vs. 1.6 mM), leading to lower j
NH3

 (15–33% of optimized NR). In contrast, 386 

agricultural runoff contains the highest NO3
–
 concentration (3.3 mM) among the real wastewaters 387 

tested and exhibited higher FENH3
 (45–63%) and similar j

NH3
 compared to simulated wastewater 388 

(Fig. S23b–d). Therefore, to compensate for the coexisting cations and elevated NO3
–
 389 

concentration in agricultural runoff, we increased the number of EDNR operation to 4 cycles and 390 

acquired end-of-run 𝜂Recovery  (>0.77) and 𝜂Synthesis  (>0.70, Fig. S24) that approached values in 391 

simulated wastewater. Achieving similar efficiencies in real wastewater compared to simulated 392 
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wastewater shows the significance of EDNR for accelerating wastewater valorization: employing 393 

reactive separations based on systematic studies of electrolyte and operating parameters to 394 

understand and mitigate the effects of complex wastewater feedstock compositions.  395 

 396 

Long-term EDNR and product purification to treat agricultural runoff 397 

Despite being crucial to implementation, long-term studies conducted under realistic operating 398 

conditions are rarely reported for electrochemical Nr recovery processes.50 Similarly, energy 399 

consumption is not always reported in the literature but highly desired by practitioners.57 Thus, we 400 

examined the long-term stability and energy consumption of the EDNR unit process in treating 401 

real wastewater. We selected NH4
+-enriched agricultural runoff as the target feedstock because 402 

among the wastewaters we tested, it exhibits moderate Nr concentration, moderate total ionic 403 

concentration, and diverse ionic species. Applying operating parameters slightly altered from 404 

optimized NR (detailed in SI Section S3.4), we conducted 4-cycle EDNR experiments that 405 

processed 50 mL of fresh influent per batch (i.e., every 4 EDNR cycles). To demonstrate 406 

generation of pure wastewater-derived NH3 products, we coupled the EDNR process with 407 

membrane stripping and formed a near-neutral ammonia phosphate fertilizer solution. The 408 

integrated process was conducted for 5 consecutive days and processed a total of 250 mL NH4
+-409 

enriched agricultural runoff (experimental protocols in SI Section S1.4). 410 

 411 

The EDNR process demonstrated exceptional long-term robustness. Despite the complex 412 

composition of agricultural runoff, end-of-batch NH3 recovery and synthesis efficiencies 413 

approached values achieved in baseline simulated wastewater (0.77 ±0.11 for 𝜂Recovery, 0.66±0.10 414 
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for 𝜂Synthesis) and did not show appreciable decay with extended operation (Fig. 3a-b, except for 415 

batch 3). NH4
+ and NO3

–
  ED current efficiencies remained steady over time and unimpaired by 416 

observed membrane fouling (Fig. S25–26), corroborating our conclusion that Nr ionic fluxes were 417 

controlled by transport from the influent to membranes. The steady ED performance repeatedly 418 

created favorable electrolyte environments for NR, as evidenced by nearly overlapping trends of 419 

pH and Nr ion movements across all batches (Fig. S27–29). High activity and selectivity were 420 

maintained during NR (Fig. S30), with total current density at ca. 2 mA/cm2 and FENH3
 >40% 421 

across all batches. Within each batch, the FENH3
 in cycle 4 (final cycle) was the lowest due to the 422 

low NO3
–
 concentrations and loss of volatile NH3 from the alkaline electrolyte. Starting from the 423 

second batch, FENH3
 in cycle 1–3 increased to >60%. In contrast to the more commonly observed 424 

losses in electrode activity and selectivity over time, the Ti electrode exhibited an ‘activated’ NH3 425 

selectivity induced by the first batch of EDNR (8 hr total in NR) and overnight air exposure (10 426 

hr exposed in an empty cell open to air). Based on our previous study, the near-surface of the Ti 427 

electrode in contact with the electrolyte likely converted to TiH2 after the first EDNR batch; 428 

however, TiH2 exhibits similar nitrate reduction activity and selectivity to unamended Ti.39 429 

Therefore, we hypothesized that increased NH3 selectivity arose from altered surface 430 

morphology58–60 or partially oxidized TiH2/Ti.61–63 To summarize long-term performance, ED and 431 

NR stages showed excellent resilience to real wastewater over extended operation, achieving stable, 432 

high NH3 recovery and synthesis that enable future scale-up.  433 

 434 

To extract and concentrate EDNR-recovered and synthesized NH3 from background electrolytes, 435 

we combined EDNR with a low-energy passive separation process, membrane stripping, to recover 436 

a single NH3 product stream. After 5 batches, the acid trap chamber recovered 101 mM NH3 as a 437 
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mixture of NH4H2PO4 and (NH4)2HPO4 (pH 6.42), which can be directly applied as a fertilizer 438 

(mono- and di-ammonium phosphate, MAP and DAP fertilizers, typical application concentration 439 

43–454 mM NH4
+).64,65. Importantly, this combined solution was 12.3 times more concentrated 440 

than the influent (8.2 mM total Nr, Fig. 3c). Note that this up-concentration factor can be further 441 

increased by using (1) a higher volume ratio of influent to NH3 synthesis/recovery chamber 442 

background electrolyte, (2) a higher volume ratio of NH3 synthesis/recovery chamber background 443 

electrolyte to acid trap, or (3) more batches of EDNR operation. This wastewater-derived NH3 444 

solution exhibits metal cation levels (Na, Mg, K, Ca, Cu) below 10 ppb on inductively coupled 445 

plasma optical emission spectroscopy (ICP-OES). From 250 mL agricultural runoff that contains 446 

dilute and unusable level of Nr, we recovered a concentrated fertilizer solution that can serve 50 447 

cm2 of vegetative stage crops, highlighting the suitability of EDNR for decentralized nutrient 448 

recovery.  449 

 450 

 451 
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 452 

Fig. 3 Long-term EDNR using agricultural runoff. (a) NH3 recovery efficiency and (b) NH3 synthesis 453 

efficiency in long-term EDNR experiments using agricultural runoff. The few instances where efficiencies 454 

decreased with increasing cycle number in B3 and B5 were caused by decreasing NH3 concentration in 455 

corresponding chambers, possibly due to NH3 evaporation. Dash-dot lines represent the average end-of-run 456 

NH3 recovery and synthesis efficiencies in simulated wastewater feedstock. (c) Concentration (left y-axis) 457 

and total amount (right y-axis) of NH3 extracted into the acid trap through membrane stripping. Dotted line 458 

represents total Nr concentration in NH4
+-enriched agricultural runoff influent. (d) Energy consumption in 459 

NH3 recovery and synthesis. Large error bars in cycle 3 and cycle 4 resulted from negative NH3 460 

recovery/synthesis in B3 and B5. Because pumping energy typically contributes minimally to the overall 461 

energy consumption for electrochemical wastewater treatment processes(<5%31,34), we based our 462 

calculations solely on electrical energy consumed in the EDNR process. Error bars represent ± one standard 463 
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deviation. Dash and dash-dot lines represent the average energy consumption for NH3 production in NH4
+-464 

enriched agricultural runoff and simulated wastewater feedstocks, respectively. 465 

 466 

To inform distributed NH3 manufacturing from wastewaters, we evaluated EDNR energy 467 

consumption and identified opportunities for future improvements (Fig. 3d). In the first two cycles, 468 

ED and NR stages consumed similar amounts of energy per kg NH3 produced. Starting from cycle 469 

3, much more energy was consumed in ED to recover the marginal amount of residual influent 470 

NH4
+ due to the significantly lower current efficiency (Fig. S26a). NR energy consumption only 471 

increased in the last cycle (Fig. 3d) due to the low cycle 4 FENH3
 (Fig. S30b). Accounting for both 472 

ED and NR stages, the average energy consumption using the NH4
+-enriched agricultural runoff 473 

was 920 MJ/kg-N. In comparison, the average energy consumption in simulated wastewater was 474 

245 MJ/kg-N (Fig. S31a). We attributed the 3.75 times higher energy consumption in real 475 

wastewater to its significantly lower NH4
+ concentration (5 times lower) and CEM scaling caused 476 

by divalent cations (leading to higher cell voltage, Fig. S31b). These energy consumption values 477 

are among those for state-of-the-art electrochemical NH3 manufacturing technologies using 478 

similarly dilute Nr feedstocks (Table S6). But distinct from most literature reports, the feedstock 479 

used in this work was a complex real wastewater with dilute Nr (vs. simplistic electrolytes with 480 

concentrated Nr), and a purified product stream was recovered with very low energy input (vs. 481 

products not separated from the influent or requiring downstream energy/chemical-intensive 482 

separation). Although the EDNR energy consumption is several times higher than traditional 483 

wastewater Nr removal (e.g., nitrification/denitrification, Anammox; 10–100 MJ/kg N)12,66 and 484 

NH3 manufacturing technologies (e.g., Haber–Bosch, 31.6 MJ/kg N)50, this electrochemical 485 

reactive separation unit process enables highly tunable and robust wastewater refining at the point 486 
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of wastewater generation. It can operate independently or as a downstream module in a treatment 487 

train to extract residual dilute Nr (e.g., after electrochemical stripping using urine feedstock50). 488 

Future work can reduce the energy consumption by: (1) reducing the number of cycles to avoid 489 

operating in low mass transport driving force regions, when near-complete removal and recovery 490 

are not required; (2) employing more active ED and NR electrodes to lower overpotential; and (3) 491 

adding antifoulants or other mitigation strategies into the NH3 recovery chamber to prevent CEM 492 

fouling. 493 

 494 

CONCLUSIONS  495 

This study demonstrated that Electrodialysis and Nitrate Reduction (EDNR) is a highly tunable 496 

and robust reaction separation process to recover and synthesize NH3 from dilute, Nr-polluted 497 

wastewaters. We found that engineering the NR reaction environment via electrochemical 498 

separations (electrolyte compositions and applied potential) plays a crucial role in improving 499 

electrocatalytic NH3 synthesis. In wastewater feedstocks, NH4
+  transference number largely 500 

determines the NH3 recovery efficiency, while NO3
–
  concentration as well as coexisting anion 501 

identity and concentration together influence the NH3 synthesis efficiency. Due to their complex 502 

compositions, real wastewaters tested in this study generally exhibited lower efficiency and higher 503 

energy consumption compared to simulated wastewater. Demonstrated using generic electrode and 504 

membrane materials here, the EDNR reactor can be used as a platform to benchmark high-505 

performance materials tailored to feedstock conditions. Development of more active NR electrodes, 506 

monovalent-selective CEM, NO3
–
-selective AEM, and engineering strategies will advance the 507 

EDNR process to become more energy-efficient and compatible with an even wider range of 508 

feedstocks. Shown as a prototype here, EDNR can remediate impaired feedstocks and valorize Nr 509 
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pollutants in a distributed manner. The process  has great viability in scenarios not served by 510 

conventional manufacturing (farms, remote communities), and regions like sub-Saharan Africa,67 511 

where limited access to centralized infrastructure and raw chemical inputs inhibits access to clean 512 

water and fertilizer. These issues of scale and access extend beyond the context of Nr recovery, 513 

which underscores the potential utility of EDNR as a modular architecture that enables wastewater 514 

refining by leveraging reactive separation and valorization of other ionic pollutants in wastewater 515 

(e.g., sulfide oxidation, sulfate reduction). Our future efforts will focus on assessing the 516 

technoeconomic viability of the EDNR process and advancing the scale and TRL of the process 517 

for realistic scenarios as an endeavor to circularize the nitrogen cycle and sustain chemical 518 

manufacturing for future generations.  519 
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