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Section S1. Experimental methods

Section S1.1 Chemicals

All chemical reagents were purchased from commercial vendors and used as received.
Reagents used included titanium foil (Ti, 99.7%, 0.25 mm, Sigma-Aldrich), platinum foil (Pt,
99.99%, Sigma-Aldrich), IrO,-Ta,0s/Ti mesh electrodes (Magneto Special Anodes, Schiedam),
sodium perchlorate ( = 98.0%, Sigma-Aldrich), sodium nitrate (= 99.0%, Sigma-Aldrich), nitric
acid (67—70%, Fisher Chemical), potassium chloride ( = 99.0%, Sigma-Aldrich), sodium sulfate (
Z99.0%, Sigma-Aldrich), sodium chloride (=99.0%, Fisher BioReagents), sodium phosphate
dibasic (=99%, Calbiochem), sodium citrate dihydrate (99.0-101.0%, Avantor Performance
Materials), sodium nitroferricyanide dihydrate (Acros Organics), sodium hydroxide (= 97.0%,
Ricca Chemical), sodium hypochlorite (10—15% available chlorine, Sigma-Aldrich), Dionex AS22
effluent concentrate (450 mM sodium carbonate, 140 mM sodium bicarbonate, Thermo Fisher),
Dionex six cation-I standard (Thermo Fisher, 040187), Dionex seven anion standard (Thermo
Fisher, 056933), phenol (= 99.0%, Sigma-Aldrich), isopropyl alcohol (99.5%, Acros Organics),
L-(+)-tartaric acid ( = 99.5%, Sigma-Aldrich), oxalic acid (98%, Sigma-Aldrich). Nanopure water
(resistivity: 18.2 MQ-cm, Millipore Sigma) was used for all experiments and measurements.

As-received platinum and titanium foil was cut into 5 cm x 2.5 cm pieces. All electrodes
used in the experiment and cleaned through 5-minute ultrasonication (150 W ultrasonic power, 40
kHz frequency) in isopropyl alcohol followed by 5-minute ultrasonication in water, and dried using
compressed air. A new piece of titanium foil was used for each EDNR experiment, while the

platinum foil and IrO,-Ta,0s/T1 mesh electrodes were cleaned as described above and reused.

Section S1.2 EDNR experiment procedures

All EDNR experiments took place in a polycarbonate, three-chamber compression cell
with electrolyte flowing through each chamber from recirculation bottles, entering the cell through
the bottom and exiting from the top (schematic shown in Fig. S1). Each recirculation bottle held
50 mL of respective electrolyte: NH; synthesis and NH; recovery chambers both held 0.1 M KCIO,
(in proof-concept) or I M NaClOy (in all other EDNR experiments), and the influent chamber held

simulated or real wastewaters. The electrolyte flow rate was controlled by peristaltic pumps
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(Masterflex model 07528-10 motor and model 77800-60 pump head, with 1/16-inch inner diameter
tubing), and was constant for each experiment but differed between experiments (particularly those
in which we probed the influence of flow rate on performance metrics). Note that an anion
exchange membrane (AEM, two different types were used, as shown in Table 1 in the main
manuscript) separated the NH; synthesis (left) and influent (middle) chambers, and a cation
exchange membrane (CEM, CMI-7000, Membranes International) separated the influent (middle)
and NHj; recovery (right) chambers. Both AEM and CEM were immersed in 1 M NaClO, for over
24 hours before use to ensure proper hydration and expansion, and new pieces of membranes were
used in each EDNR experiment. The cell consisted of one Ti electrode, two IrO,-Ta,Os/Ti mesh
electrodes, and one Pt electrode; these four electrodes were necessary to enable dynamic
electrochemical bias switching between the electrodialysis (ED) stage and the nitrate reduction
(NR) stage. In preparation for the experiment, the electrolyte was pumped through the cell for 15
minutes, after which the pumps were stopped, initial samples of 1 mL were taken from each
recirculation bottle, and an initial potentiostatic electrochemical impedance spectroscopy (PEIS)
at the open circuit voltage (OCV) was performed. Pumps were then turned back on.

A potentiostat (VSP, BioLogic for all experiments) was used to control the applied
potential to the working electrode versus the leakless Ag/AgCl reference electrode (3.4 M KCl,
ET072-1, eDAQ). All potentials were converted to the RHE scale with:
Epgiager= Ernp = 0205V = 0.059 XpH A electrochemical experiments were conducted using 85%

IR compensation based on the ohmic resistance obtained via PEIS.

(@)

Electrodes:

- Ti electrode

- IrO.-Ta,Os/Ti mesh electrode
- Pt electrode

Membranes:

- Anion exchange membrane
- Cation exchange membrane
Chamber plugs:

- Ag/AgCI reference electrode
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(b) Electrodialysis (ED) (c) Nitrate reduction (NR)
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Figure S1. (a) Schematic of the EDNR reactor (side-view). Polycarbonate cell parts are shown in gray
boxes; rubber gaskets are shown in black boxes, with dotted lines representing openings in the material.
Triangles represent electrolyte ports, circles represent reference electrode or plugs, and colored squares
represent electrodes or membranes, whose information is given by correspondingly colored legends. (b)
Major electrode reactions and ion movement during the electrodialysis (ED) stage. C* represents cations,
and A~ represents anions. (¢) Major electrode reactions and ion movement during the nitrate reduction (NR)
stage. Note that the electrolyte used in NH; synthesis and recovery chambers was 0.1 M KCIQO, in the proof-
of-concept experiment and 1 M NaClO, in all other experiments, as shown in (b) and (¢). Additional

experimental parameters are given in Table S1.

A. Electrodialysis (ED)

As the first stage of each cycle, electrodialysis (ED) was performed using 1rO,-Ta,Os/Ti
mesh as the working electrode in the NH; synthesis chamber and Pt foil as the counter electrode
in the NHj recovery chamber (Fig. S2). Note that no NHj; synthesis is occurring during this stage,
but the NH; synthesis chamber is named as such because it is the site of nitrate reduction to NHj;
in the second stage of each cycle. A constant current was applied for durations specified in Table
S1. When necessary to avoid exceeding the full cell voltage limit, a lower current was applied over
an extended ED duration to achieve the same charge passed. After experiment completion, the
peristaltic pumps were stopped, and electrolyte samples of 1 mL were taken from each electrolyte

reservoir in preparation for the second stage.
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Electrodes:

- Ti electrode

- IrO,-Ta,04/Ti mesh electrode
- Pt electrode

Membranes:

- Anion exchange membrane
- Cation exchange membrane
Chamber plugs:

- Ag/AgCl reference electrode
- Standard plugs

Flows:

- Inlet flow

- Outlet flow

Inf,

Figure S2. Schematic showing electrode connections to the potentiostat for electrodialysis (ED) stages.
WE represents the working electrode, and CE represents the counter electrode. All other symbols follow
the same convention as in Fig. S1: polycarbonate cell parts are shown in gray boxes; rubber gaskets are
shown in black boxes, with dotted lines representing openings in the material. Triangles represent
electrolyte ports, circles represent reference electrode or plugs, and colored squares represent electrodes or

membranes, whose information is given by colored legends.

B. Nitrate reduction (NR)

Once electrodialysis was completed, nitrate reduction (NR) was performed as the second
stage in every cycle. NR was performed using the Ti foil in the NH; synthesis chamber as the
working electrode and the IrO,-Ta,0s/Ti mesh in the influent chamber as the counter electrode
(Fig. S3). PEIS was measured before peristaltic pumps were turned on. Nitrate reduction was then
performed at —1.0 vs. RHE in a potentiostatic manner for 120 min (in proof-concept), or at —0.8 V
vs. RHE in a pulsed potential manner (Ec =—0.8 V vs. RHE for tc = 10 s, followed by E, = OCV
for ty = 10 s) for a total duration of 120 min (in all other EDNR experiments).
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Figure S3. Schematic showing electrode connections to the potentiostat for nitrate reduction (NR) stages.
WE represents the working electrode, and CE represents the counter electrode. All other symbols follow
the same convention as in Fig. S1: polycarbonate cell parts are shown in gray boxes; rubber gaskets are
shown in black boxes, with dotted lines representing openings in the material. Triangles represent
electrolyte ports, circles represent reference electrode or plugs, and colored squares represent electrodes or

membranes, whose information is given by colored legends.

Section S1.3 NR environment engineering experiment procedures

NR environment engineering experiments were performed in a polycarbonate, two-
chamber compression cell divided by an anion exchange membrane (Selemion AMVN, same as
in optimized NR), with a Ti working electrode, a Pt counter electrode chamber, and a Ag/AgCl
reference electrode (Fig. S4). Each chamber held 10 mL of electrolyte, and the electrolytes were

static during experiments (i.e., no pumping, gas purging, or mechanical mixing).
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Electrodes:

- Ag/AgCl reference electrode
- Standard plugs

Flows:

- Inlet flow

- Outlet flow

C A - Titanium electrode
i - Platinum electrode
P Membrane:
i i - Anion exchange membrane
ol | | Chamber plugs:

Figure S4. Schematic of electrolyte effects cell system. C represents the cathode, and A represents the
anode. All other symbols follow the same convention as in Fig. S1: polycarbonate cell parts are shown in
gray boxes; rubber gaskets are shown in black boxes, with dotted lines representing openings in the material.
Triangles represent electrolyte ports, circles represent reference electrode or plugs, and colored squares

represent electrodes or membranes, whose information is given by colored legends.

At the beginning of each experiment, 11 mL of electrolyte was added into the working and
counter electrode chambers, respectively; 1 mL of electrolyte was taken from each chamber as the
initial samples, leaving 10 mL in each chamber for the electrochemical experiment. PEIS was then
conducted. Nitrate reduction was then performed at —0.8 V vs. RHE in a potentiostatic manner for
30 min. After the experiment, electrolytes were collected, and pH was adjusted as needed for

product analysis (Section S1.5).

Section S1.4 Long-term EDNR experiment procedures

To test the long-term stability of the EDNR process, 4-cycle EDNR experiments were

+

h N4 _enriched agricultural runoff influent in each

operated for five batches, treating 50 mL of fres
batch. The operating parameters are given in Table S1. After the last NR stage in each batch (i.e.,
NR4), chronopotentiometry at —5.26 mA/cm? was applied to the Ti electrode for 15 min to basify

the NHj synthesis chamber electrolyte and facilitate subsequent NH; extraction.
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After each 4-cycle EDNR batch, we immediately pumped the NHj-rich electrolytes from
the NHj; synthesis and recovery chambers in the EDNR reactor to the left and right feed chambers
of a membrane stripping reactor, respectively. The middle chamber of the membrane stripping cell
was a shared acid trap divided from the feed chambers with gas permeable membranes (Aquastill)
on each side, and the acid trap was 20 mL of 42 mM H;PO, (Fig. S5). In the membrane stripping
reactor, volatile NH; in the feed chambers was extracted across two gas permeable membranes
into H;PO, solution in the acid trap chamber. All solutions were recirculated at 3.5 mL/min
overnight, without any applied potential/current. After NH; extraction, 0.5 mL of liquid sample
was drawn from the acid trap chamber, and the NH;-depleted solutions in the feed chambers were
directly reused as NHj synthesis and recovery chamber background electrolytes to minimize
chemical input in the integrated unit process.

Before starting the next EDNR batch, 8 mL of fresh 1 M NaClO4 was added to the NHj;
synthesis and to the recovery chambers to compensate for electrolyte volume loss due to sampling.

The integrated 4-cycle EDNR (12-hr) + membrane stripping (overnight) unit process was

N
conducted for five consecutive days, and a total of 250 mL NH 4 _enriched agricultural runoff was

processed.

F F Membranes:
- Gas permeable membrane
Chamber plugs:
- Standard plugs

° ® piug
Flows:

L | - Inlet flow
- Qutlet flow

Figure S5. Schematic of membrane stripping cell. F represents feed, and AT represents acid trap. Inlet
flows are shown in green, outlet flows are shown in red, and gas permeable membranes are shown in dark
magenta. All other symbols follow the same convention as in Fig. S1: polycarbonate cell parts are shown
in gray boxes; rubber gaskets are shown in black boxes, with dotted lines showing openings in the material.

Triangles represent electrolyte ports and circles represent plugs.
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Section S1.5 Sample analysis

Aqueous samples were analyzed using ion chromatography (ICS-6000, Dionex) and a flow

injection analyzer (AA500 AutoAnalyzer, SEAL Analytical). To quantify Na ’ , the sample aliquots
were diluted 1000 times with nanopure water and analyzed using cation chromatography with 4
mM tartaric acid/2 mM oxalic acid eluent, SCS 1 column at 30 °C. The calibration range was 0.43—

1.74 mM, and representative calibration data was shown in Fig. S6a. To quantify NO;, NO2, and

Clo, concentrations, the sample aliquots were basified with 5 wt% NaOH to pH > 10 (ensuring the

complete dissociation of produced HNO, to the detectable NO, anion form; pKa 3.16), diluted 30

NO, and NO, Clo,

times (for 2 quantification) or 500 times (for ~"-'4 quantification) with nanopure water

2 _
and analyzed using anion chromatography with 4.5 mM €05/0.8 mM 105 eluent and a AS23-4
um column at 30 °C. The calibration range was 0.01-0.32 mM for NO;, 0.01-0.44 mM for NO;,

and 0.5-10 mM for “10s; representative calibration data was shown in Fig. Séb—d. To quantify the

concentration of NHj, parallel sample aliquots were acidified with 2 M HCIO4 to pH < 2 (ensuring

the complete protonation of produced NHj to the more stable NH, form; pKa 9.25) and analyzed
using spectrophotometric flow injection analysis with the phenate method.! All bulk pH
measurements were conducted using a pH meter (FiveEasy, Mettler Toledo). Note that all error
bars shown in this manuscript represent = one standard deviation from triplicate experiments,
rather than triplicate sample analysis. Scanning electron microscopy (SEM) was performed using
a Thermo Fisher Scientific Apreo S LoVac microscope, and energy dispersive X-ray spectroscopy
(EDS) was carried out with a Bruker Quantax XFlash 6|60 EDS detector to analyze the elemental
distribution on the electrodes and membrane surfaces. The membrane samples were mounted on
aluminum pin stubs and sputter coated with gold to enhance the conductivity of the imaging
surface. SEM images and EDS elemental maps were acquired at two locations on each sample.
Total organic and inorganic carbon (TOC and TIC) were measured using a Shimadzu TOC-
L autoanalyzer (Shimadzu Scientific Instruments, Inc., Columbia, MD) at Environmental

Measurements Facility at Stanford University.
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Section S1.6 Summary of reaction conditions

Table S1. Summary of electrolyte compositions and operating parameters used in EDNR experiments in this study.

Experiment NH; Syn. | Influent NH; Rec. | Electrolyte | ED1 | ED1 ED2 and ED2and | NR NR
sets Electroly Electroly | flow rate Japp duratio | ED3 j,, ED3 Eapp durati
te te (mL/min) (mA/ | n(min) | (mA/cm?) duration (Vvs. | on
ED |NR |cm?) (min) RHE)" | (min)*
Proof-of- 0.1 M 0IM 1 30 | 30 | 263 | 60 2.63 60 06 | 120
concept Kclo, Simulated wastewater Kelo,
Optimized NR (13.9 mM (NH),S0, + 30 | 100 | 3.95 60 3.95 60
Shortened ED L61 N 30 | 100 | 3.95 60 3.95 30
Shortened ED 61 mM KNO)
1 High flow 100 | 100 | 3.95 60 3.95 30
-laden 26.4 mM KNO,
8024_ laden 13.9 mM (NH4)2SO4 +
) 1.61 mM KNO; + 50
MM Na,SO, 3.95 60 3.95 60
Cl—-laden 13.9 mM (NH,),SO,4 +
1.61 mM KNO; + 100
M mM NaCl M 30 | 100 -0.8 )
RO retentate | NaClO, RO retentate NaClO, 3.95 | 60 3.95 60 | (pulse | 120
Well water NH ) d)
4 -enriched well 3.95 60 3.95 45f
water
Agricultural +
ruioff N4 _enriched 395 | 60 3.95 401
agricultural runoff
Agricultural NHT . 50 (ED2)*
runoff (4- 4 -enriched 30 | 100 | 3.95 | 53.5 3.95 45 (ED3)f
cycle) agricultural runoff 40 (ED4)t
Agricultural NH* ) 2.93 (ED2)
runoff (long- 4 -enriched 100% | 100 | 3.95 60 2.16 (ED3) 60
term) agricultural runoff 2.12 (ED4)

* Same applied potentials and durations were used in all NR stages.
# For NR using pulsed potential, total NR duration is 120 min, and effective NR reaction time is 60 min.
1 Durations of ED stages were shortened due to full cell voltage overload (20 V).
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1 A higher electrolyte flow rate was applied in ED stages to compensate for the decreased magnitude of applied current, which was intentionally lowered to
avoid full cell voltage overload.
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Section S1.7 Key performance metrics

For brevity, NH; synthesis, influent, and NH; recovery chambers are represented by Syn,

Inf, and Rec, respectively in the equations below.

A. Electrodialysis (ED)

The following quantities were calculated to assess performance of the electrodialysis (ED)

stage in EDNR.

NH . .
4 ED current efficiency (CE) in cycle i:

(NH 3 Jing, wra-1) = [NH§ Jing, 500 X Vi X F x 100%
Qrp Eqn. S1

NH 7 ED CE;yp,; (%) =

where [N HY ]Inf, NR(i-1) and [N HY ]Inf. £pi are the N1 4 concentrations in the influent chamber before
and after ED in cycle i (mM), respectively, and {-1= 0 represents the initial concentration before
the EDNR experiment started; Vinf is the total volume of the electrolyte in the influent chamber
and its corresponding reservoir (50 mL); F is the Faraday constant (96485 C/mol); and Qb is the

total charge passed during the ED stage (C).

N
NH, ED flux in cycle i:

([NHZ]Inf, NRGi-1) ~ [NHZ]Inf, Epi) X Vins

tep X Agp Eqn. S2

NH? ED fluxcyg, ; (mmol - cm™2- min_l) =

where 2D is the operation duration of the ED stage (min), and AED is the cross-sectional area of

EDNR reactor chambers (5.7 cm?).

Therefore,
QE D

NH? ED flux,,;= NH ED CE o X —————
ycle i 4 Cycle i
tgp X Agp X F Eqn. S3

Similarly, NO3 ED current efficiency in cycle i:

_(NO3 g, wri-1) = [NO3|ing, 50D X Ving X F

NO3 ED CEgyyy; (%) = x 100%

Qep Eqn. S4
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where [N 0 E]Inf. NR(i-1) and [N 0 5]1nf, epi are the VO3 concentrations in the influent chamber before

and after ED in cycle i (mM), respectively.

NO3 ED flux in cycle i:

([NOE]Inf, NRG-1)~ [NOE]lnf, Epd) X Ving

NOj EDflunyClei(mmol-cm_Z-min_l)= —— Ean. S5
ED X 4ED qn.
And
NOZ ED flux,,, .= NOZ ED CE,. , . X Cep
3 Cyclei = 3 Cyclei® T w4 < F
yele i yele i tpp X AED < F Eqn, S6
ED stage energy consumption in cycle i:
ED stage energy consumption cyclei (MJ/kg NH;) =
f E x1dt
Y Lkg

([NH3]Rec, gpi~ [NHs]gee, ED(i—l)) X Vigee X 17@ X 1000g Eqn.S7

where Eeell is the full cell voltage during ED stage in cycle i (V), ! is the applied current in ED (A),
and the electrical power (Ecen ¥ 1y was integrated over the entire ED duration (J). [NHs]gec, £pi and
[NHslkec, £pGi-1) are the NH; concentrations in the NH; recovery chamber after ED in cycle i -1

and cycle i (mM), respectively’ Vree is the total volume of the electrolyte in the NHj recovery

chamber and its corresponding reservoir (50 mL).

B. Nitrate reduction (NR)

The following quantities were calculated to assess performance of the nitrate reduction
(NR) stage in EDNR and in two-chamber NR environment engineering experiments.
Total current density:

QNR

, 2N
Jadmafem) = tnr X Ang Eqn. S8
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where 9w is the total charge passed during the NR stage (M4 - s), IR is the effective NR reaction
time (the actual duration when a nitrate reduction potential was applied, s), and ANr is the geometric

area of the NR electrode (5.7 cm? in EDNR reactor and 5.4 cm? in two-chamber reactor).

NH; partial current density:

jNﬂg(mA/sz) =jt0t X FENH

3 Eqn. S9

FE
where "3 is the Faradaic efficiency (%) of NH3, see Eqn. S11.

Time-averaged NR NO; removal rate:

NR NOs removal rate (#mol - cm ™% -min~ 1)
([NO §]Syn, NR(Gi-1)~ [NO E]Syn, NRD X Vym

tyr X Ang Eqn. S10

[N 0 §] [N 0 §] NOs¢concentrations in the NH; synthesis chamber

where Syn, NR(i-1) and Syn, NRi are the

after NR in cycle i - 1 and cycle i (mM), respectively, and Vsyn is the total volume of the electrolyte

in the NH; synthesis chamber and its corresponding reservoir (50 mL). For two-chamber

NO3| NO3|

experiments, [ Syn, NR(i-1) and [ syn, NRi are the initial and final concentrations of V03 in

the cathode chamber (mM), respectively, and Vsyn is the total volume of the electrolyte in the

cathode chamber (10 mL).

Faradaic efficiency (FE) of product J:

nF([productj]Syn’ NRi = [productj]syn’ NR(i - 1))V.S‘yn
FE j(%) = X 100%

Qnr Eqn. S11

where 7 is the stoichiometric number of electrons involved in the production of j (n =2 for NO;, 8

for NH;), and [Product/lsyn, vri and [Product/lsymnri-1) are the concentrations of J in the NHj
synthesis chamber after NR in cycle i-1 and cycle i (mM), respectively, or final and initial
concentrations in both cathode and anode chambers (mM) in two-chamber experiments. Note that

NO, ¢ould be lost into the influent chamber across the AEM and therefore undercounted in this

calculation.
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NR stage energy consumption in cycle i:

NR stage energy consumption ¢y, ; (MJ/kg NH3) =

fEce” x Idt

([NH3]Syn, NRi ™ [NH3]Syn,NR(i—1)) X Vgyn X 17

1k
gx 9

mol ~ 1000g  Eqn. S12

where Eeell is the full cell voltage during NR stage in cycle i (V),  is the total current in NR (A),

and the electrical power (E cenn X I ) was integrated over the entire NR duration (J), [NH3lsyn, nri and

[NH3lsyn, nrii-1) are the NH; concentrations in the NH; synthesis chamber after NR in cycle i -1

and cycle i (mM), respectively.

Average energy consumption for NHj3 production in cycle i:

Average energy consumption for NHg production ., (MJ/kg NH;) =

Section S1.9 Nitrate concentrations used in typical fundamental research

(fEcell XIdt)gp; + (fEcell X Idt)yp;

[([NHB]Rec, EDi — [NH3]Rec, ED(i—l)) X VRec + ([NH3]Syn, NRi — [NHS]Syn,NR(i—l))

Eqn. S13

Nitrate concentration (mM)

10004 o o @
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Figure S7. NO; concentrations used in typical fundamental research. Dash line represents the

NO

maximum contamination level (MCL) for =" 3 in drinking water set by the World Health Organization (10

pp 3-N).2 Ref (a): McEnaney et. al.3, Ref (b): Wu et. al.4, Ref (c): Gao et. al.’, Ref (d): Murphy et.
al.%, Ref (e): Crawford et. al.”, Ref (f): Wang et. al.%, Ref (g): Chen et. al.%, Ref (h): Katsounaros et. al.!©,

NO
m

Ref (i): Wang et. al.'!. Plot was adapted using data from our previous work!? with authors’ permission.

Section S2. Transference number calculations

We conducted back-of-the-envelope transference number calculations for influent chamber
electrolyte in EDNR experiments to show the charge-carrying capabilities of different ions during

ED using Eqn. S14.

i lzlc,
l
Z|Zk|ck’1k
k Eqn. S14

where U is the current carried by ionic species j (mA), i is the total current (mA), % is the charge

of ionic species j (unitless), Cj is concentration of ionic species j (mM), and 4 is the ionic

conductivity of ionic species j (S cm? mol™).

However, because the AEM and CEM were used between the influent and NH; synthesis
chambers and the influent and NH; recovery chambers, respectively, we assumed complete
blockage of counterions and calculated anion and cation transference numbers separately. It was
assumed that ED current was carried solely by anion movement from NHj synthesis to influent
chambers, and solely by cation movement from influent to NH; recovery chambers. All
transference numbers calculated were based on the initial influent composition, and ionic

conductivity data was from Zhong et al. [!3]. Due to the near-neutral pH of all influents, H" and
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OH~ are not included in transference number calculations due to their relatively low

concentrations.

Table S2. Transference number calculations for simulated wastewater

Anion transference number (influent to NH; synthesis chambers)

Concentration | lonic conductivity Transference
Ion Charge |z 5 IC jAj

(mM) (S cm? mol ™) number
S0%, ) 13.9 160 4448 0.9750
NOj -1 1.6 71.42 114.272 0.0250
Total 4562.272 1

Cation transference number (influent to NH; recovery chambers)

Concentration | lonic conductivity Transference
Ion Charge |z 5 IC jAj
(mM) (S cm? mol ™) number
NH +1 278 73.7 204886 0.9457
K* +1 1.6 73.5 117.6 0.0543
Total 2166.46 1

+

d NH4ED current efficiency in ED1 is significantly

Note that the experimentally measure
lower than the calculated transference number, which we tentatively attribute to the CEM having

+
4

* ... P .
a N4 o K permselectivity ( k) lower than 1. In contrast, the experimentally measure

NH
4 NO;
ED current efficiency in ED1 is higher than the calculated transference number, possibly because

NO -,

3
72—

_ P,
NO; ¢ SO permselectivity ( s0% ) higher than 1. While

the monovalent-selective AEM has a
membrane development is beyond the scope of this EDNR study, future work could directly
calculate the permselectivities for several ion combinations of the membranes used along with

other possible membranes.

Table S3. Transference number calculations for NO3—1aden simulated wastewater

Anion transference number (influent to NH; synthesis chambers)
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Concentration | Ionic conductivity Transference
Ion Charge |,1C;4,

(mM) (S cm? mol ™) number

2 -

507 -2 13.9 160 4448 0.6899
NO3 -1 28 71.42 1999.76 0.3101
Total 6447.76 1.0000
Cation transference number (influent to NH; recovery chambers)

Concentration | Ionic conductivity Transference
Ion Charge |21C;4,

(mM) (S cm? mol™) number
NH +1 27.8 73.7 2048.86 0.4989
Kt +1 28 73.5 2058 0.5011
Total 4106.86 1.0000

2
Table S4. Transference number calculations for S0 -laden simulated wastewater

Anion transference number (influent to NH; synthesis chambers)

Concentration | Ionic conductivity Transference
Ion Charge |2;1C;4;

(mM) (S cm? mol ™) number

2=

507 -2 63.9 160 20448 0.9944
NO; -1 1.6 71.42 114.272 0.0056
Total 20562.272 1.0000
Cation transference number (influent to NH; recovery chambers)

Concentration | Ionic conductivity Transference
Ion Charge |,1C;4,

(mM) (S cm? mol ™) number
NH +1 2738 73.7 2048.86 0.2855
K* +1 1.6 73.5 117.6 0.0164
Na* +1 100 50.11 5011 0.6982
Total 7177.46 1.0000

Table S5. Transference number calculations for Cl--laden simulated wastewater

Anion transference number (influent to NH; synthesis chambers)
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Concentration | Ionic conductivity Transference
Ion Charge |,1C;4,

(mM) (S cm? mol ™) number
0%, -2 13.9 160 4448 0.3648
NO; -1 1.6 71.42 114.272 0.0094
cl- -1 100 76.31 7631 0.6258
Total 12193.272 1.0000
Cation transference number (influent to NH; recovery chambers)

Concentration | lonic conductivity Transference
Ion Charge |1z;1C A,

(mM) (S cm? mol™) number
NH +1 27.8 73.7 2048.86 0.2855
K* +1 1.6 73.5 117.6 0.0164
Na* +1 100 50.11 5011 0.6982
Total 7177.46 1.0000

S21




Section S3. Supplementary results

Section S3.1 Proof-of-concept EDNR
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Figure S8. Proof-of-concept experiment. (a) pH trend, (b) NH; concentration trend and (c) NO,
concentration trend. EDNR cycles are indicated by solid vertical lines and stages are indicated by dashed

vertical lines. Sum in (b) is the sum of NH; concentrations in all three chambers, and sum in (c) is the sum

0)

of NO; concentrations in NHj synthesis and influent chambers. (d) Total Nr balance in the ENDR system

(i.e., all three chambers and their corresponding electrolyte reservoirs).
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Section S3.2 Engineering of EDNR operating parameters

Section S3.2.1 Reaction environment effects on nitrate reduction reaction

To amplify effects of NO3RR electrolyte compositions, we fixed the NO; concentration at

10 mM, slightly higher than typical EDNR influent levels. An applied potential of —0.8 V vs. RHE

was found to balance NR activity and NR selectivity on Ti under similar NO; concentrations in

previous reports,'? and thus was used in all subsequent experiments.
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Figure S9. Anion effects on nitrate reduction reaction. (a) Total current density. (b) Time-averaged

NO, removal rate. Unfilled symbols in (a) and (b) represent results from individual replicate experiments,

and filled symbols represent the average value in this background electrolyte. (¢) NH; Faradaic efficiency
from two-chamber experiments. Error bars represent = one standard deviation. Background electrolytes: 10

mL 0.5 M Na,HPO,, or 0.5 M Na,SO,, or 1 M NaCl or 1 M NaClO,, pH adjusted to 1.72 with 2 M HCIO,,
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and 10 mM NaNO; was added to the cathode chamber. Applied potential: —0.8 V vs. RHE. Reaction

duration: 30 min.
2
While a very high total current density was observed in the HPO, background (Fig. S9a),

HER likely dominated, and only minimal NO; was reduced (Fig. S9b). This dominant HER likely

originated from facile proton donation from phosphate species, consistent with previous reports.!'4

2—
16 80% and CI- backgrounds exhibited high-variance NO;RR activity, possibly due to competitive
adsorption on a variety of facets of the polycrystalline Ti electrode.!” The most weakly adsorbing
Clo, background generated moderate but lower-variance total current density and NO; removal

FENH . . ClO, 0 . . -
rate. 3 was highest in the 4 background (63.1+10.1%), suppressed slightly in CI

2 2
(48.6+0.6%), and almost negligible in SO% and HPO4 (<7%) (Fig. S9¢). We have shown in a

previous study that hydrogen evolution reaction (HER) and Ti hydride formation compete with
electrochemical nitrate reduction on Ti foil.!® Within nitrate reduction, NH; and NO, account for

>72% nitrogen products under similar reaction conditions (0.8 V vs. RHE, 10 mM NO;, pH 1.7).12

Thus, the remaining FE most likely went into HER and Ti hydride formation.
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Figure S10. pH effects on nitrate reduction reaction. (a) Initial and final pH in the working electrode

chamber. (b) Total current density. (¢) Time-averaged NO, removal rate. Unfilled symbols in (a)—(c)
represent results from individual replicate experiments, and filled symbols represent the average value. (d)
Faradaic efficiency from two-chamber experiments. Error bars represent + one standard deviation. The
higher than unity sum FE of NH; and nitrite in pH 2.45 reflects accumulated product analysis errors that
originated from the very low total charge passed in NR. Electrolytes: 10 mL 1 M NaClO,, pH adjusted to
1.41, 1.64, 1.93, and 2.45 with 2 M HCIO,, and 10 mM NaNO; was added to the cathode chamber. Applied
potential: —0.8 V vs. RHE. Reaction duration: 30 min.

Within the pH range explored, the working electrode chamber pH generally increased by

<0.2 units after reaction (Fig. S10a). The total current density decreased monotonically with

increasing initial pH (Fig. S10b), but the highest NO; removal rate was observed at pH 1.64 (Fig.
S10c¢). Below pH 1.64, significantly lower nitrate reduction FE (<40%) was attributed to severe
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FE
HER and/or Ti hydride formation; above pH 1.64, '3 was impaired while

(Fig. S10d).
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Figure S11. Applied potential profile effects on nitrate reduction reaction. Comparison of time-

averaged NO; removal rate (black circles, left axis) and NH; partial current density (purple squares, right y-

axis) in static and pulsed potential experiments. Electrolyte for both chambers: 10 mL 1 M NaClO, + 10
mM HNO;. Static potential: —1.0 V vs. RHE, 30 min. Pulsed potential: Ey = —1.0 V vs. RHE for 10 s,

followed by Ewg = OCV — 300 mV for 10 s, total reaction duration of 60 min (i.e., effective reduction time

of 30 min). Error bars represent + one standard deviation.
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Section S3.2.2 Implementation of NR environment engineering to EDNR
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Figure S12. Optimized NR experiment trends. (a) pH trend, (b) NH; concentration trend and (c¢) NO;,
concentration trend. EDNR cycles are indicated by solid vertical lines and stages are indicated by dash

vertical lines. Same legends apply to all figures. Sum in (b) is the sum of NH; concentrations in all three

chambers, and sum in (c) is the sum of NO, concentrations in NHj synthesis and influent chambers. Error

bars represent + one standard deviation.
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Figure S13. NR stage chronoamperometry from a representative optimized NR experiment.
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Figure S14. Optimized NR experiment NR performance. Comparison of (a) absolute value of total
current density, (b) Faradaic efficiency and (c) absolute value of NHj; partial current density in NR stages
in proof-of-concept and optimized NR experiments. Error bars represent + one standard deviation for
triplicate optimized NR experiments (proof of concept n=1). The total current density during NR increased

with cycle number, likely due to increased surface roughness over time.

NH, and NOs ED fluxes were proportional to their current efficiency (Eqn. S3 and Eqn.

S6) and showed the same trend with respect to cycle number, which aligns with the decreasing

+
trends of influent chamber N4 and NOs concentrations (Fig. S12, Fig. S15-16). Because the

+ —
amount of N4 and NOs migrated during ED were a few times below the ion exchange capacities
of the CEM!® and AEM?, respectively, and the applied current was three orders of magnitude

lower than the theoretical limiting current predicted by the Rosenberg-Tirrell equation,?! transport
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from influent to the CEM/AEM (rather than transport across the CEM/AEM) likely controlled Nr

removal from the influent.
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Figure S16. Optimized NR experiment ED performance for N

and N

0; ED current efficiency, as predicted by Eqn. S6. (b) NO; ED flux as a function of cycle number,

in comparison with proof-of-concept experiments. Error bars represent + one standard deviation for

triplicate optimized NR experiments (proof of concept n=1).
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Section S3.2.3 Influence of ED stage operating parameters

d NOs removal

First, we found that reducing the ED duration inhibited NH; recovery an
from the influent. By halving the durations in ED2 and ED3 (referred to as short ED experiments),

+

NH4 ED current efficiency was not statistically different from optimized NR (Fig. S18a), but the

end-of-run TRecovery dropped from 0.84 £ 0.10 to 0.66 = 0.02 due to reduced total ED charge (Fig.
S18c). NO3 ED current efficiency was only slightly improved in short ED, but the end-of-run

influent NO3 removal decreased slightly from 84 £ 4% to 73 £ 7% (Fig. S18b). Despite having

NO; concentrations at the beginning of NR stages with optimized NR (Fig. S19a), short

similar
ED exhibited dramatically lower 7synthesis, which dropped from 1.11 +0.12 to 0.36 £ 0.28 at the end
of the run (Fig. S19f). We attributed this inferior NR performance to higher initial bulk pH in the
NHj; synthesis chamber (~0.5 units higher than in optimized NR, Fig. S19b). The insufficient

acidity led to substantially lowered NR activity and FENH3 (approximately half of values in
optimized NR, Fig. S19c¢-e), highlighting the sensitivity of NR performance to the electrolyte pH.

We kept the short ED durations but enhanced mass transport in ED by increasing the
electrolyte flow rate from 30 to 100 mL/min (in all chambers), the same as the flow rate used in

NR stages (referred to as short ED + high flow rate experiments). However, ED current efficiencies

for NH, and NO3 were not appreciably improved, and influent NO;3 removal remained similar to
Short ED. The largely unaltered Nr removal indicates that the Nr transport from the influent
chamber to the AEM/CEM might be controlled by electromigration rather than diffusion and
convection under this condition. In contrast, "TRecovery was enhanced by 25%-35% in all cycles
relative to short ED, restoring the values observed in the optimized NR case (Fig. S18¢). The
enhanced NHj recovery suggested NHj; transport from the CEM to the NH; recovery chamber was

also sluggish under this condition and was facilitated by the enhanced mass transport. Compared

to short ED, similar NH; synthesis chamber pH and NO3 concentrations were achieved at the

beginning of each NR stage (Fig. S19a—b), and "synthesis was not statistically improved as a result

(Fig. S19¢).
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Figure S17. Chronopotentiometry and chronoamperometry data from ED operating parameters
study. (a) Anode (IrO,-Ta,Os/Ti mesh electrode in the NH; synthesis chamber) potentials as functions of
time in ED stages and (b) cathode (Ti electrode in the NH; synthesis chamber) current in the first 5 min
into each NR stage in the short ED experiments. (¢) Anode (IrO,-Ta,Os/Ti mesh electrode in the NH;
synthesis chamber) potentials as functions of time in ED stages and (d) cathode (Ti electrode in the NHj
synthesis chamber) current in the first 5 min into each NR stage in the short ED + high flow experiments.

The average total current density from NR stages in both sets of experiments are given in Fig. S19c.
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Section S3.3 Impacts of influent compositions on EDNR performance

Section S3.3.1 Modified simulated wastewater
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Figure S20. Chronopotentiometry and chronoamperometry data from EDNR experiments using
different modified simulated wastewaters. (a) Anode (IrO,-Ta,Os/Ti mesh electrode in the NH; synthesis

chamber) potentials as functions of time in ED stages and (b) cathode (Ti electrode in the NH; synthesis

chamber) current in the first 5 min into each NR stage in the EDNR experiment using NO3-laden simulated
wastewater. (¢) Anode (IrO,-Ta,Os/Ti mesh electrode in the NH; synthesis chamber) potentials as functions

of time in ED stages and (d) cathode (Ti electrode in the NH; synthesis chamber) current in the first 5 min

2
into each NR stage in the EDNR experiment using S0% -laden simulated wastewater. (e) Anode (IrO,-

Ta,0s/Ti mesh electrode in the NH; synthesis chamber) potentials as functions of time in ED stages and (f)

cathode (Ti electrode in the NH; synthesis chamber) current in the first 5 min into each NR stage in the

EDNR experiment using Cl -laden simulated wastewater. The average total current density from NR stages

in all sets of experiments are given in Fig. S21ec.
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Faradaic efficiency in NR stages, and (e) absolute value of NHj; partial current density in NR stages using

NO3-1aden simulated wastewater (+25 mM KNO;): 13.9 mM (NH,4),SO, + 26.4 mM KNOs, in comparison
with baseline simulated wastewater (optimized NR) experiments. Error bars represent = one standard

deviation.
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Figure S22. All influent effects. (a) NH; synthesis efficiency and (b) NH; recovery efficiency as functions
of cycle number in EDNR experiments with a variety of influent conditions. Influents for the different

scenarios are as follows. Baseline simulated wastewater (optimized NR): 13.9 mM (NH,),SO4 + 1.6 mM
2—
KNOs. Cl-laden (+100 mM NaCl): 13.9 mM (NH,),SO, + 1.6 mM KNO; +100 mM NaCl. 4 laden

(+50 mM Na,SO5): 13.9 mM (NH,),SO, + 1.6 mM KNO; + 50 mM Na,SO,. 1\ O3-laden (+25 mM KNOs):
13.9 mM (NH,4),SO,4 + 26.4 mM KNOs. Error bars represent + one standard deviation.
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simulated wastewater. EDNR cycles are indicated by solid vertical lines and stages are indicated by dash

vertical lines. Error bars represent + one standard deviation.

We observed that the total Cl- concentration within the system decreased over time because
the chlorine evolution reaction (CER) occurred at the NH; synthesis chamber IrO,-Ta,05/Ti mesh
electrode during ED and at the influent chamber IrO,-Ta,O5/Ti mesh electrode during NR, as a
competitive process to water oxidation reaction (~17% decrease in sum CI- concentration after 3
cycles, accounting for 23% of total charge passed in ED + NR). Because CER does not produce
protons, the NH3 synthesis chamber pH at the end of ED1 was 3.2, much higher than in optimized
NR. We had to extend the ED stage by 15 min in ED1 before starting NR, but it was still more
alkaline than the optimal pH identified in earlier experiments (Fig. S24b). However, for ED2 and
ED3, we were able to achieve favorable NHj synthesis chamber pH values using the same ED

duration of 60 min.
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Figure S24. Influent anion effects on NR. (a) Absolute value of total current density in NR stages and (b)
NHj; synthesis chamber pH trend in EDNR experiments with a variety of influent conditions. EDNR cycles
are indicated by solid vertical lines and stages are indicated by dash vertical lines. Error bars represent +

one standard deviation.
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Section S3.3.2 Real wastewaters
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Figure S26. Total inorganic and organic carbon contents in different wastewaters used as influents
in EDNR experiments. Triplicate or duplicate measurements were conducted for each sample, and the

mean values are plotted.
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Figure S27. Chronopotentiometry and chronoamperometry data from EDNR experiments using
different real wastewater influents. (a) Anode (IrO,-Ta,Os/Ti mesh electrode in the NH; synthesis
chamber) potentials as functions of time in ED stages and (b) cathode (Ti electrode in the NH; synthesis
chamber) current in the first 5 min into each NR stage in the EDNR experiment using RO retentate. (c)

Anode (IrO,-Ta,05/Ti mesh electrode in the NH; synthesis chamber) potentials as functions of time in ED
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stages and (d) cathode (Ti electrode in the NH; synthesis chamber) current in the first 5 min into each NR
stage in the EDNR experiment using well water. (e¢) Anode (IrO,-Ta,Os/Ti mesh electrode in the NHj
synthesis chamber) potentials as functions of time in ED stages and (f) cathode (Ti electrode in the NHj
synthesis chamber) current in the first 5 min into each NR stage in the EDNR experiment using agricultural

runoff. The average total current density from NR stages in all sets of experiments are given in Fig. S29a.
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Figure S28. ED performance in EDNR experiments using different real wastewater influents. (a)

+

NH,, current efficiency in EDI, and (b) NH; recovery efficiency, in comparison with optimized NR

experiments. Error bars represent &+ one standard deviation for triplicate optimized NR experiments (all

others n=1).

Similar to that observed in Cl-laden experiment, the total amount of NO2 in the experiment
using RO retentate decreased over time (20.5% of the initial amount) due to CER. Note that
because some wastewater feedstocks contain nitrite, the definition of NH;3 synthesis efficiency (
Msynthesis) was revised to:

([NHS]Syn, NRi ~ [NH3]Syn, i) X Vsyn
nSynthesis, Cyclei = ([

NO;]Inf, mi T [NOE]Inf, Ini) X Vlnf Eqn. S15
where [NH3]Syn, NRi is the NH3 concentration in the NH; synthesis chamber at the end of the NR
stage in EDNR cycle i, and [NOE] inf. Ini is the initial N2 concentration in the influent before reaction

starts. Vsyn is the electrolyte volume of the NH; synthesis chamber and its corresponding reservoir

(50 mL), and Vi is the electrolyte volume of the influent chamber and its corresponding reservoir

(50 mL).
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Figure S29. NR performance in EDNR experiments using different wastewater influents. (a) Absolute

value of total current density, (b) Faradaic efficiency, (¢) absolute value of NH; partial current density in

NR stages, and (d) NH; synthesis efficiency, in comparison with optimized NR experiments. Error bars

represent &+ one standard deviation.

N
Note that in 4-cycle EDNR experiments using NH, _enriched agricultural runoff influent,

ED stage durations were shortened compared to the optimized NR experiments and varied between

the two replicates to avoid full cell voltage overload (20 V). However, the total charge passed in

all ED stages from the two replicates was almost identical (2% difference, Figure S30a).
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Figure S30. 4-cycle EDNR using NH4-enriched agricultural runoff influent. Comparison of two

replicate experiments (a) charge passed during ED stages, (b) pH trends, (¢) NH; concentration trends, (d)

0y concentration trends, (e) Faradaic efficiency during NR stages, and (f) NH; recovery (top panel) and

synthesis efficiency (bottom panel). R1 and R2 represent Replicate #1 and Replicate #2, respectively.
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Section S3.4 Long-term EDNR and product purification to treat agricultural runoff

In long-term experiments, the applied current density during ED stages was calculated
using the average charge passed in corresponding stage from the 4-cycle EDNR experiments and
60 min ED duration. As a result, the magnitude of applied current was lower than in optimized
NR, and we applied a higher electrolyte flow rate in ED stages to compensate for the decreased

amount of charge passed (see Section S3.2.3).

(d)

Figure S31. Membranes after long-term experiments. (a) Photo of the anion exchange membrane (the

+
fouled side faced the NH, -enriched agricultural runoff influent), (b) SEM image of the fouled side of the
AEM, and (c) EDS of the same area. (d) Photo of the cation exchange membrane (the fouled side faced
the NH; recovery chamber), (¢) SEM image of the fouled side of the CEM, and (f) EDS of the same area.

EDS chemical composition data from (¢) and (f) are shown in Table S6.
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Figure S32. Ti electrode after long-term experiments. (a) Photo of the side of the Ti electrode that did
not face the NH; synthesis chamber, (b) SEM image of the unused side of the Ti electrode, and (c) EDS of
the same area. (d) Photo of the side of the Ti electrode that faced the NH; synthesis chamber electrolyte,
(e) SEM image of the used side of the Ti electrode, and (f) EDS of the same area. ED chemical composition
data from (c¢) and (f) are shown in Table S6.
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Figure S33. Pt electrode after long-term experiments. (a) Photo of the side of the Pt electrode that did
not face the NH; recovery chamber, (b) SEM image of the unused side of the Pt electrode, and (¢) EDS of
the same area. (d) Photo of the side of the Pt electrode that faced the NH; synthesis chamber electrolyte,
(e) SEM image of the used side of the Ti electrode, and (f) EDS of the same area. EDS chemical

composition data from (c¢) and (f) are shown in Table S6.

Table S6 Chemical composition of electrodes and membranes from long-term EDNR experiment
characterized by SEM-EDS

Element atomic % C O Si |S |Cl |P [Na Mg |[K |Ca |Ti |Pt |Ag
Ti (unused side) 7.55 {11.85|N.D.|0.01 [N.D.|N.D.|0.01 [N.D.|N.D.|0.03 [80.51|N.D. [0.01

Ti (facing NH; synthesis
5.04 [38.94|N.D.|0.07 [0.03 |0.05 |0.24 |0.94 [{0.02 {0.09 [54.17|N.D. |0.41
chamber)

Pt (unused side) 66.02|8.69 |N.D.|0.96 IN.D.|IN.D.|N.D.|N.D.|N.D.|0.03 |N.D. |24.29|N.D.

Pt (facing NH; recovery
49.99|28.90|N.D.[0.68 |[N.D.|N.D.|0.02 [1.73 |N.D.|0.66 |N.D. |18.03|N.D.
chamber)
CEM (facing influent) 12.73]63.67(0.19 |0.04 [0.06 IN.D.|0.10 [9.36 |N.D.|13.86|N.D. |N.D. [N.D.

AEM (facing NH; recovery

89.56|7.21 |N.D.|N.D.|3.09 |N.D.|0.06 |0.04 [N.D.|0.04 |N.D. [N.D. IN.D.

chamber)

*N.D. stands for not detected.
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Figure S35. Long-term EDNR experiment pH. (a) NH; synthesis, (b) influent, and (¢) NH; recovery

+
chamber pH trends. B1-5 represents batch 1-5. The influent was NH 4 -enriched agricultural runoff.
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Figure S37. Long-term experiment NHj; concentrations. (a) NH; synthesis, (b) influent, and (c) NH;

recovery chamber NH; concentration. B1-5 represents batch 1-5. Influent was

4 -enriched agricultural

runoff.
Table S7 Concentrations of Na® and Clo, in the initial and final samples of the long-term EDNR
experiment
NHj; synthesis Influent chamber NH; recovery
chamber (Agricultural runoff) chamber
Initial Na* conc. before long-term
+ * + *
EDNR started 1072.7£24.0 mM 6.6 mM 1072.7£24.0 mM
Final Na* conc. after the last batch of
long-term EDNR (batch 5) 799.5 mM 9.5 mM 732.3 mM
.. ClO,
Initial =4 conc. before long-term | 968 0+12.1 mM* 0 968.0+12.1 mM*
EDNR started
.. ClO,
Final =~ 4 conc. after the last batch 1151.1 mM 25.0 mM 896.3 mM

of long-term EDNR (batch 5)

* Measured using the 1 M NaClO, stock solution, * represents standard deviations from triplicate

measurements.
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# Measured using the 1 M NaClO, stock solution, + represents standard deviations from triplicate
measurements.

We noted that a significant portion of Na™ was lost from both NHj synthesis and NHj
recovery chambers after the long-term EDNR experiment, likely due to several factors. For both
chambers, because a large dilution factor (1000 times) was used in preparing liquid samples for
cation chromatography measurements, the measurement variance was high (24 mM in measuring
the 1 M NaClOy, stock solution) and account for ca. 7-9% of the Na* loss. For the NH; recovery
chamber, Na* diffused (during ED stages) and migrated (during NR stages) across the CEM into
the influent over five batches (up to 17.5 mM), while a large portion of Na* could be incorporated
into the CEM during such movement (ca. 140 mM, calculated based on the CEM ion exchange
capacity). For the NH; synthesis chamber, Na™ could be incorporated into the AEM due to its
imperfect co-ion exclusion, especially in electrolyte concentrations comparable to the membrane
fixed charge density based on Donnan theory (uptake > 50% in electrolytes with > 0.89 M Na*?2).
Meanwhile, we observed that after the long-term EDNR experiment, there was an additional 2.5
mM Ca?" and 49 mM Mg?* in the NH; recovery chamber, and an additional 7 mM K in the NH;

synthesis chamber.
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Figure S38. Chronopotentiometry and chronoamperometry data from long-term EDNR
experiments. (a) Anode (IrO,-Ta,0Os/Ti mesh electrode in the NH; synthesis chamber) potentials as
functions of time in ED stages and (b) cathode (Ti electrode in the NH; synthesis chamber) current in the
first 5 min into each NR stage in long-term EDNR batch 1. (¢) Anode (IrO,-Ta,0s/Ti mesh electrode in the
NH; synthesis chamber) potentials as functions of time in ED stages and (d) cathode (Ti electrode in the
NHj; synthesis chamber) current in the first 5 min into each NR stage in long-term EDNR batch 5. The

average total current density from NR stages in all sets of experiments are given in Fig. S39.
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NH; Faradaic efficiency in NR stages. B1-5 represents batch 1-5. The influent was NH4—enriched

agricultural runoff.
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Figure S40. Energy consumption comparison. (a) Energy consumption from ED and NR stages in

optimized NR experiments using simulated wastewater influent. Error bars represent = one standard
deviation. (b) Comparison of full cell voltage in ED1 from one optimized NR replicate and ED1 from B5
of long-term EDNR experiment.
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Table S8 Energy consumption in electrochemical NH; manufacturing technologies using feedstocks with

environmentally relevant Nr concentrations

Electrochemical Feedstock Feedstock Product Product Energy
technology Nr level separatio consumpt
n ion
Bipolar Synthetic 18.7 mM Membrane | (NH,),SO, and 18.3
electrodialysis stack?® | wastewater | NH; stripping | H,SO4 mixture with | MJ/kg
pH 3 (concentration NH;-N
not reported)
Electrochemical Livestock 178214 None 1.26 M NH; and 0.5 101.5
ammonia wastewater | mM NH; M Na,SO, mixture MlJ/kg
accumulation®* NH;-N
Hydrophobic Synthetic 71.4 mM Membrane | 44.6 mM NH; and 50 | 57.6
membrane coated anaerobic NH; stripping | mM H3PO,, MlJ/kg
cathode® concentrate Na,HPO, mixture NH;-N
Electrodialysis- Anaerobic 100.3 mM Membrane | 237.8 mM NH; as 50.7
electrochemical digestate NH; stripping | NH4H,PO, and MlJ/kg
ammonia stripping?® (NH,),HPO, mixture | NH;3-N
Integrated flow- Simulated 2.2 mM Membrane | 0.5 mM (NH,),SO, 31400
electrode capacitive groundwater NO, stripping | and 0.5 M H,SO, MJ/kg
deionization and flow mixture NH;-N
cathode system?’
Bifunctional nitrate Agricultural | 0.27 mM None 2.0 mM NHj in the 904.7
adsorption-reduction | tile drainage NO; feedstock mixture MJ/kg
electrode water NH;-N
Concurrent Synthetic NO. | Membrane | 38 mM (NH,4),SO, 644.4
electrocatalysis and wastewater | 20 mM 3 stripping | and 62 mM H,SO, MJ/kg
membrane mixture NH;-N
extraction?$??
Electrified Synthetic NO. | Membrane | 10 mM (NH,4),SO, 1962
membrane3? wastewater | 2> MM 3 stripping | and 0.5 M acidified MJ/kg
Na,SO, mixture NH;-N
Membrane-free KNO; 7.14 mM Water 4.12 M NH; solution | 168.2
alkaline electrolyzer’! | solution NO, absorption Ml/kg
at5 °C NH;-N
Integrated nitrate Mixture of 2.0 mM Electroche | 1.3 mM (NH,),SO, 1224
reduction and real NO, mical and 0.1 M H,SO, MJ/kg
electrochemical secondary stripping | mixture NH;3-N
stripping?? effluent and
RO brine
EDNR (This work) Synthetic 27.8 mM None In 1 M NaClO, 245 MJ/kg
wastewater | NH © NH;-N
4 +1.6
oM NO;
EDNR (This work) NHZ 4.8 mM Membrane | 101 mM NH; as 920 MJ/kg
e NH* stripping | NH,H,PO, and NH;-N
enriched 4+33 .
. - (NH,4),HPO,4 mixture
agricultural NO
runoff mM 3
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In addition to the discussion around energy consumption provided in the main manuscript,

we would like to comment on the cost aspect as well. The EDNR process employs electrodialysis

N
NH, and NOs from polluted wastewater influent and reactions to recover NH; from

to separate

N ~
NH, (using OH~ generated from water reduction reaction) and synthesize NH; from NO; (nitrate

reduction reaction). For the reaction step (NR), there has not been commercialized systems to

compare with to the authors’ knowledge. For the separation step (ED), a commercialized and

+
NH 3 from wastewater is ion exchange. Although the

4 and NO

popular technique to separate
adsorption process itself consumes very little energy, the ion exchange resins need to be
regenerated often with concentrated acid, base, or salt solutions, which leads to secondary waste.
The cost of purchasing these chemicals to regenerate the ion exchange resins contributes to 30-
55% of all operating cost of a proposed plant using municipal wastewater influent.3334 It is hard to
draw a direct comparison of cost per NH;3 produced between EDNR and commercialized ion
exchange technologies because the EDNR process is still at bench-scale and under development.

But there are several advantages of EDNR that could possibly reduce the cost compared to the ion

N
NH, and NOs separation and

exchange system: (1) uses electrical field as the driving force for
avoids the usage of chemicals and their associated transportation cost, (2) can operate continuously
and avoids the off time needed for resin regeneration, and (3) doesn’t generate secondary waste
stream from regeneration that needs to be processed. Although cost is out of scope of the current
work, we plan to conduct future work on developing a techno-economic analysis model of the

EDNR process.
In future efforts to scale up the EDNR process, we note that H, is generated as a side

product. Although it might require additional engineering strategies to manage its related safety

hazard, it can also be collected as a profitable product stream.
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