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Source-separated urine is a natural liquid fertilizer used by humanity for millennia. Urine use in modern nutrient
recycling can be hindered by high relative salinity, non-optimal macro-nutrient ratio, presence of pathogens, and
organic micropollutants. In this study, an electrochemical system was used to oxidize and concentrate synthetic
urine into a product concentrate and a waste concentrate, also releasing a treated low nutrient load effluent. The
system comprised two electrochemical reactors with separate concentration chambers and two circulation loops.
Each circulation loop was comprised of two electrodes of opposite polarity, one from each of the two reactors.
The pH levels in each loop were controlled electrochemically without chemical addition, allowing for selective
ammonium (total ammonium nitrogen, TAN) and sodium (Na) separation into the product concentrate and the
waste concentrate, respectively. In addition to pH, which was controlled by the relative current of the two re-
actors, the concentrate characteristics were controlled by the absolute potentials applied, affecting the oxidation
reactions present. The double reactor system was able to divert a waste concentrate with a relative volume of 4%
vs. the feed. The waste concentrate contained 14% of the influent Na but only 1% of the influent TAN, effectively
removing sodium while removing very little TAN. This demonstrates a proof of concept for Na/TAN ion sepa-
ration using electrochemical pH control. Compared to a single reactor control, between 12 and 17% reduction in
Na/TAN ratio was achieved in the product concentrate with a specific energy consumption of 11-22 kWh kgN .
A total TAN recovery of 56-76% into the product concentrate was demonstrated. A wide range of tailoring
parameters could be used for optimizing the redox chemistry and product characteristics. This novel technology
shows promise for optimization for fertilizer production from source-separated urine.

1. Introduction municipal wastewaters could allow for more efficient nutrient recovery

as well as minimised transport and downstream separation costs.

Overproduction and overuse of fertilisers are recognised to be
exceeding sustainable planetary boundaries, and recovery and reuse of
nutrients from waste streams is becoming increasingly investigated as a
possible solution [1,2]. Promoting a circular economy through the re-
covery and reuse of nutrients in fertiliser products is a key goal of sus-
tainable city design [3,4]. The paradigm of source separated urine is a
possible path forward [5]. The urine fraction of municipal wastewater
volume is approximately 1%, but it contains 80% of N and 50% of P
discharged by humans [6,7]. Separation of urine from the rest of the
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Decentralised systems are particularly suited to source separation, as
they ease treatment efficiency and save energy [2,8]. Many studies
already illustrate strong potential for nutrient recovery from source-
separated urine [9-13].

Urine contains both macro- and micro-nutrients which can benefit
soil health and plant growth. Nitrogen (largely present as urea, then
ammonium), phosphorus (largely present as phosphate) and potassium
are the key macronutrients, while calcium, magnesium, sulfur, and trace
metals are important micronutrients [9]. Salinization is the
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accumulation of water-soluble salts in the soil [14]. Urine contains so-
dium and other salts, which contribute to salinization. Anthropogenic
soil salinization is a global issue across the agricultural sector and is an
important consideration when researching next-generation fertilizers
[15-17]. After repeated application of urine or urine concentrates, the
soil’s electrical conductivity, sodicity and salinity are commonly shown
to increase, which reduces soil health [10,18]. The concentration of
soluble salts in urine varies by diet, water consumption and climate, and
there is also considerable variability in tolerance between different crop
types [14]. This makes it difficult to define a general criterion for salt
application. However, conventional fertilisers are also a leading
contributor to anthropogenic soil salinization [14].

When scaling up the use of urine as a fertiliser, several logistical and
technological issues emerge. Liquid transport and handling costs require
processing to minimise the volume by concentrating and/or separating
the nutrients from the liquid and non-nutrient components. Freguia
et al. [9] and Alemayehu et al. [10] outline that existing technology
options fall into the categories of struvite precipitation, ammonia
stripping, evaporation/distillation, absorption/adsorption, fertigation,
as well as membrane distillation and membrane filtration. However,
each of these options is associated with at least one of the following
challenges: high energy consumption, chemical additions required, and/
or decrease in soil health after repeated application due to increased
salinity.

Yet another option is electro-concentration where a current is
applied between two electrodes accompanied with charged ions
migrating across ion exchange membranes located in parallel to the
electrodes. Ledezma et al. [19] and Jermakka et al. [20] demonstrated a
chemical free approach to nutrient recovery from source-separated
urine using a two-membrane electro-concentration system. In these
previous studies, ammonium migrated across the cation exchange
membrane (CEM) from the anolyte to a middle chamber, forming a
product concentrate. Other cations such as sodium and potassium also
enter the product through the CEM. The final composition of the product
reflects the feed composition entering the reactor, with a similar pro-
portion of e.g. ammonium and sodium (albeit more concentrated) in the
final product [20,21]. Relative ion transfer can be affected by differ-
ences in ionic mobility or membrane permselectivity (e.g. PO vs. SO%)
[22]. Ion movement is affected by solution pH due to competition by H™
and OH™ at non-neutral conditions, and speciation differences. For
example, ammonium-ammonia equilibrium has a pKa of 9.25 at 25 °C
[23]. Ammonia is uncharged at high pH values and therefore should not
migrate across the CEM due to electromotive force, while sodium and
other cations will remain charged and available for migration. This
behaviour is exploited for the first time in this study towards the elec-
trochemical separation of sodium from ammonium in source-separated
urine.

In this study, selective product formation was evaluated using a two
reactor electro-concentration process, that allows reagent-free pH
adjustment and ion separation into a product concentrate and a waste
concentrate. The effects of pH values and ammonia-ammonium specia-
tion on product characteristics were determined with the aim to
demonstrate the production of a lower-sodium nutrient product from
synthetic source-separated urine. In addition, the influence of process
parameters, such as whole cell voltages and anode potentials, on product
characteristics and energy requirements were studied. This work dem-
onstrates the effects of different applied currents to the two reactors on
sodium separation, nutrient retainment, energy consumption and by-
product formation.

2. Materials and methods
2.1. Medium composition

A synthetic urine solution representing ureolysed urine was utilized
as described in previously published work [24] (for details, see
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Supplementary information S7). The recipe simulates urine after com-
plete removal of Mg2+ and Ca®* through precipitation with phosphate
during ureolysis (Table 1). The feed was prepared as required and feed
composition was monitored through sampling at the start of each batch
experiment. Synthetic urine was chosen to enable consistency when
systematically varying the experimental factors.

2.2. Reactor set-up and equipment

Custom reactors were used consisting of acrylic plates forming three
parallel compartments of 70 mm x 50 mm x 10 mm each (Fig. 1). The
anodic compartment of each reactor was fitted with Condias Diachem
40 x 40 x 2 mm Nb-BDD electrode, with a steel nut and rod current
collector attached using a conductive epoxy (Epo-Tek EJ2189-LV) and
protected from liquid contact with silicon cover. An Ag/AgCl 3 M NaCl
reference electrode (BASi, USA) was placed in the anodic chamber to
monitor the anodic potential. The cathodic compartment contained a 70
mm x 50 mm stainless-steel mesh as a cathode with a stainless-steel wire
current collector. The concentrate compartment was located between
the anodic and cathodic compartments, separated from the anodic
compartment by a CEM (Membrane International Inc. CMI-7000), and
from the cathodic compartment by an Anion Exchange Membrane
(AEM) (Membrane International Inc. AMI-7001). The concentration
chamber was filled with 6 mm diameter glass beads for volume reduc-
tion. The projected surface area of each membrane was 35 cm?, the
volume of the anodic and cathodic chambers was 35 mL each, and the
volume of the concentration chambers was measured as 20 + 0.6 mL
each.

The reactor set-up (Fig. 1), was operated in a continuous feed mode.
It consisted of two identical reactors as described above, fluidically
connected in series forming two rapid mixing loops, mixed with circu-
lation pumps (Cole Parmer Masterflex 7523-70) and monitored for pH
using online pH meters (Endress + Hauser Liquiline CM448, Orbisint
CPS11D sensor). The left mixing loop (anodic loop) links the anodic
chamber of the main reactor (product reactor) and the cathodic chamber
of the supplementary reactor (waste reactor). The right mixing loop
(cathodic loop) links inversely. Anodic and cathodic loops were fed with
peristaltic pumps (Ismatec ISM834C Reglo Digital) each at a constant
flowrate of 39 = 2mLh Y, resulting in loop HRTs of 2.5 h. The effluents
of these loops were combined to one mixed reactor loop stream, from
where excess liquid overflowed into an effluent bottle. Formed gases in
the reactor (O, Ha, Cly, COy) exited the reactor freely from then mixed
reactor loop stream. Fresh urine was mixed with the rest of the mixed
reactor loop stream, after which it was recycled back to the reactor.
Fresh synthetic urine was fed with a peristaltic pump (Watson-Marlow
205U) at a constant flowrate (13.8 4 0.5 mL h™!) resulting in a hydraulic
retention time (HRT) of 12.8 — 15.9 h for the synthetic urine in the
reactor system (Table 2). In an alternate flow-pattern experiment
(cathodic feed, C-F), feed was directed only to the cathodic loop, which
overflowed to the anodic loop and then to the effluent (loop HRT was set
to 3.8 h). The flowgraph of the reactor setups is shown in supplementary
information S6. Two identical parallel reactor setups were utilized in the
study. A potentiostat (Bio-Logic VMP-3) was used as a power source in

Table 1
Measured synthetic urine properties. All values in
mmol L.
Component Synthetic Urine
TAN 470 + 35
TIC 248 +1
TOC 187 £11
Ccr 164 +£7
Kt 70 £3
Na* 113+ 4
PO} 29+ 1
S0% 19+1
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Fig. 1. Experiment flowchart with product (bottom) and waste (top) reactors.
— = Cation Exchange Membrane, +++ = Anion Exchange Membrane. Arrows
with ions represent the relative ionic efficiencies of sodium and TAN in the
Trickle-experiment.

galvanostatic mode, recording the current applied to the cell, the elec-
trical energy used, the cell voltage and the working potential of the
anodes in each reactor.

2.3. Operation

Reactors were started with synthetic urine in all compartments,
including in the middle chamber. A constant current was set for product
and waste reactors and flow rates in all pumps were kept constant
(Table 2). Samples of 1 mL were taken daily from anodic and cathodic
loops (from the product reactor) and product and waste concentration
chambers. When the anodic and cathodic loop pH and reactor potentials
had stabilized (95% of measurement results showed below 5% variation
to the average), a 24-72 h mass balance measurement was initiated with
empty effluent, product, and waste bottles. Product and waste bottle
contents are concentrates but are referred to as simply product and
waste for brevity in this article. At the end of a mass balance measure-
ment, the volume of urine, product, waste, and effluent bottles were
measured, and their contents were sampled for analysis. Four or five

Table 2
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consecutive mass balance measurements were performed for each run,
with means with 95% confidence intervals were calculated for concen-
trations. Loop feed pump speed was measured periodically between
runs, and urine feed pump speed was monitored at each time point
through urine volume measurements.

All experiments used a fixed synthetic urine feed rate of 13.8 + 0.5
mL h™!. The maximum current densities in the product and waste re-
actors were limited by a maximum cell voltage of 10 V (limited by the
potentiostat). Increasing current densities resulted in increasing resis-
tance caused by ion depletion during the runs, limiting the magnitude of
current densities that could be applied. In the first experiment, there was
no current applied to the waste reactor and a high current density of 100
A m~2 was applied to the product reactor, creating a strong pH-split
between the anodic and cathodic loops (Table 2). The control current
density was selected experimentally to achieve a minimum of 75%
reduction in ionic content for a fixed system retention time. This
experiment acted as a control representing a three-chamber electro-
concentration reactor for source-separated urine (Control; CTRL). Sec-
ond, to study the initial effect of including the waste reactor, the waste
reactor was turned on with an arbitrary very low current density (2.9 A
m~?) to have a minimal impact on the loop pH’s, but to illustrate the
ionic composition harvested into the waste (Trickle; TRKL). The third
experiment aimed at maximizing the volume of waste, while main-
taining the cathodic loop pH above 10 as at pH 10 TAN is still mostly in
NHs-form and non-responsive to the electro-motive force responsible
for the electro-concentration to the waste (Maximum Volume; MAX).
Suitable current densities in this and the following experiments were
determined by manually adjusting both product and waste current
densities, while simultaneously monitoring cathodic loop pH and
product reactor cell voltage (limited to < 10 V).

The fourth experiment aimed to study the effect of lower cathodic pH
for TAN separation (close to pK, of TAN, 9.25). For this experiment the
waste reactor current was increased, and product reactor current was
decreased (Narrow Gap; NRW). The fifth experiment was to study the
effect of lower anodic potential in the product reactor, so the currents of
the product and waste reactors were lowered, while keeping the
cathodic pH above 10 (Low Potential; LOW). Finally, the effect of an
alternate feeding strategy was studied in the sixth experiment, where
feed was directed only to the cathode instead of both anode and cathode
(see supplementary information S6 for detailed description). Again,
cathodic pH was kept close to 10 (Cathodic Feed; C-F).

Eletrochemical data, pH’s and retention times measured in this study. Errors represent 95% confidence intervals. Potentials are given against standard hydrogen
electrode (SHE). P = product reactor, W = waste reactor. Detailed pH and potentiostatic data for all experiments are presented in the supplementary information

chapter S1 and S2.

Run 1 2 3 4 5 6
Name Control Trickle Maximum Volume Narrow Gap Low Potential Cathodic Feed
Abbr. CTRL TRKL MAX NRW LOW C-F
Product Current [A m~2] 100 100 57.1 429 48.6 85.7
Waste Current [A m’z] 0 2.9 11.4 22.9 7.1 11.4
Product Anode potential, 3.9 4.2 5.3 3.4 3.4 4.2

[V vs SHE]' (3.5-4.0) (3.8-4.4) (4.8-5.4) (3.1-3.49) (3.2-3.4) (3.9-4.2)
Product Cell voltage, 7.4 8.3 9.1 5.7 5.9 8.0

(7.0-7.6) (7.8-8.5) (8.2-9.4) (5.3-5.7) (5.6-5.9) (7.6-8.0)

Waste Anode potential, 1.8 2.2 2.9 2.4 3.3

[V vs SHE]' (1.5-1.9) (2.0-2.2) (2.5-3.0) (2.1-2.5) (2.3-3.5)
Waste Cell voltage, 2.3 3.8 5.1 4.0 5.1

vy’ (1.8-2.4) (3.6-3.8) (4.6-5.3) (3.5-4.1) (4.2-5.3)
Anodic loop pH 1.8 +0.02 2.0 + 0.05 3.5+ 0.05 6.7 + 0.20 6.3 +£0.3 7.9+ 0.3
Cathodic loop pH 12.0 + 0.03 11.8 £ 0.10 10.1 £+ 0.05 9.2+ 0.03 10.2 + 0.06 9.8 +£0.15
Reactor HRT [h] 15.1 £ 0.2 159 + 0.3 14.5 + 0.3 12.8 + 0.9 15.6 + 1.0 15.2 + 0.2
Loop HRT’s [h] 2.5+ 0.2 2.5+ 0.2 2.5+0.2 2.5+ 0.2 2.5+ 0.2 3.8
Specific Energy Consumption [kWh kgN~!] 21.0 +1.8 21.6 +1.1 18.0 + 0.4 13.1 £ 0.4 11.3+1.3 21.7 £ 1.0
TAN to product [%] 76 + 4 70 £2 62+ 1 56 + 4 68 + 3 76 + 4
TAN recovery [kgN m > d] 7.4+0.3 7.8+ 0.1 7.4 +0.2 6.3 + 0.4 6.4 £ 0.6 7.2+ 0.5

! Measurement variation given as average (mingsy,-Maxosy,) from the measurement series. This is done to give a range of noise, but to omit peak disturbance

measurements that have a negligible effect on mass balances.
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2.4. Sample analysis

Samples were tested for conductivity and pH using a Mettler Toledo
SevenMulti Conductivity meter with an Inlab 752 probe, and a WTW
330i pH meter with a Hamilton SlimTrode probe, respectively. Samples
were analysed for cations, anions and total carbon species using Ion
Chromatography Thermo Scientific ICS-1600 with a Dionex IonPac
AS22 Column (Cl, ClO3, ClO3, NO3, NO3, SOF", PO3™), Dionex IC-120
with a IonPac CS12A column (Na*, NHj, K, Mg2+, ca®h) (Dionex,
CA, USA), and Total Organic Carbon Analyser TOC-Vcpy (Shimadzu,
Japan), respectively. For analysis, samples were filtered using a 0.45 pm
syringe filters into 1.5 mL microcentrifuge tubes, stored after sampling
for a maximum of 4 days in a fridge and diluted 100x for TOC analysis
and 2000x for IC analysis using a two-step dilution using glass tubes.

2.5. Calculations

Graphs were drawn using Veusz 3.1 and Origin 2019b. Data analysis
was done using Microsoft Excel. Errors discussed in this article represent
95% confidence intervals calculated from standard deviation and sam-
ple count using Eq. (1). They assume data is normally distributed. Four
or five mass balances were measured for each setting, but depending on
the parameter, some measurements did not succeed, and actual count of
measurements varied between 2 and 5 for each parameter.

Standarddeviation

v/ Samplecount

The ion efficiency for ammonium transfer was calculated using Eq.

(2).

95%confidenceinterval = 1.96e (@D)]

NNH4 X INH4 )

o/F

where nypy4 is the amount of ammonium transferred (mol), Zyy4 is
charge of ammonium (+1), Q is the charge passed through the poten-
tiostat (Coulomb, C) and F the Faraday constant (96485.33C mol’l). For
the ion efficiency calculations for sodium and potassium, nyp4 and Zyga
are replaced accordingly. For specific energy consumption, kWh/kgN is
used as a unit, referring to kWh per kg of NH4-N.

Ionefficiency =

3. Results and discussion
3.1. TAN and Na can be separated using a double reactor configuration

The product sodicity (Fig. 2a) and the contribution of ammonium,
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sodium and potassium to the charge transport over CEM in the product
reactor and the waste reactor (Fig. 2¢c) were determined. The missing ion
efficiency (current leakage) visible in Fig. 2c consists mainly of H30™-
ions and, to a smaller degree, of cation leakage from the concentrate
through AEM. In the TRKL (TRICKLE) experiment, a small auxiliary
current was passed through the waste reactor, and while only 4% of total
feed volume was diverted to the waste, the product sodicity (Na/TAN)
decreased by 11% (see Fig. 2a). The relatively large sodicity decrease
was due to the good waste reactor performance as the cathodic loop pH
was highly alkaline (pH 11.8), preventing H30"-ion and TAN movement
to the waste. Consequently, the waste reactor ion efficiency was
measured at 100% for TAN, Na and K (see Fig. 2¢) and collected waste
contained 14 + 1% of Na mass while only 1 + 1% of TAN mass.

In the NRW (Narrow Gap) experiment, the applied current densities
resulted in a cathodic loop pH close to 9 (pH 9.2) which was not suffi-
cient for efficient TAN/Na separation (see Fig. 2a), and similar waste
and product sodium compositions were observed in this experiment (see
Supplementary FigS4). In the MAX (Maximum Volume) and the LOW
(Low Current) experiments, the applied product and waste reactor
currents resulted in a cathodic loop pH close to 10 (10.1 + 0.1 and 10.2
+ 0.1 measured, respectively). The product sodicity (Na/TAN) was
reduced by 14 and 12% for MAX and LOW, respectively, compared to
CTRL. Product reactor ion efficiency improved significantly as the
anodic loop pH increased from being highly acidic (<2) in CTRL and
TRKL to more neutral in MAX, NRW and LOW (>3.5). The TAN ion
efficiency over product reactor CEM was only 34-36% for CTRL and
TRKL, but 60-68% for MAX, NRW and LOW. The change is presumably
due to reduced current leakage by H30™ [21].

In the C-F (Cathodic Feed) experiment, the reactor loop circulated
sequentially through the cathodic loop and the anodic loop, unlike in the
five previous experiments. The pH thus first rose in the cathodic loop
close to pH 10 (9.8 + 0.15) and then dropped back to neutral (pH 7.9 +
0.3) in the anodic loop, but with diminished buffer capacity. The
product sodicity (Na/TAN) was reduced by 17% compared to CTRL.
Product ion efficiency over CEM was similar to CTRL (TAN ion efficiency
at 39 + 3%), implying a large current leak. This could be due to a local
pH drop on the anodic chamber caused by low buffer capacity, and
undetected by the online loop pH meter (measured anodic loop pH of
7.9), but this hypothesis was unconfirmed.

Soil salinity and soil sodicity can limit urine use a fertilizer due to
high salt content [10,14]. This study shows that it is possible to separate
ammonium and other cations using membrane electro-concentration
with reagent-free pH control via the use of double electro-chemical re-
actors. These proof-of-concept results demonstrate a 4 — 17% salinity
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Fig. 2. a) Product sodicity indicated by Na/TAN concentration ratio, b) specific energy consumption in product reactor (P) and waste reactor (W) against TAN
captured in the product, and c) contribution of ammonium cation NH} (TAN), sodium cation Na™ (Na) and potassium cation K* (K) to the charge transport over CEM
in product reactor and waste reactor, in respect to the currents passing over their respective reactors.
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reduction due to high pH at the cathodic loop rendering TAN non-
mobile for electro-concentration into a waste concentrate. This selec-
tive removal of non-TAN cations into the waste leaves a higher relative
TAN concentration in the reactor to be recovered as a concentrated
product. In this study, the largest impact for the sodicity removal was
due to the cathodic pH, which is the key parameter allowing for Na/TAN
separation. To the authors’ knowledge, this is the first investigation that
addresses urine-derived fertiliser sodicity reduction through electro-
chemical methods.

3.2. Energy consumption depends on the extent of ion removal

The TAN mass balance is presented in Fig. 3a and specific energy
consumption in Fig. 2b and Table 2. Using two reactors can lower the
specific energy consumption for nitrogen capture (11 kWh kgN™?
LOW) compared to one reactor set-up (CTRL; 21 kWh kgN™1) as the
fraction of energy utilized by the waste reactor is small (<10% of total
energy in all experiments, except 31% in NRW), while TAN capture into
product remains consistently high, > 56% in all the experiments. The
aim of this study was not to minimize energy consumption, but for the
first time to demonstrate and to maximize TAN recovery while removing
unwanted Na™. Thus, current densities and cell potentials utilized are
high, which increases energy consumption significantly. However, the
experiments already show that decreasing energy consumption is
possible. In MAX and LOW, the cathodic loop pH was set to 10 with
product reactor current densities of 57.1 and 42.9 A m™2, respectively.
While MAX and LOW resulted in similar levels of TAN recovery into the
product from the feed (62 + 1 and 68 + 3% mass, respectively), LOW
uses only 60% of the specific energy compared to MAX (18.0 + 0.4 and
11.3 + 1.3 kWh kgN~}, respectively). Growing energy consumption
corresponds to the extent of ion removal from the effluent. Comparison
of specific energy consumption for TAN capture and remaining fraction
of TAN in the effluent gives 11.3 kWh kgN ! and 20% for LOW, 18.0
kWh ng_1 and 12% for MAX, and 21.7 kWh ng_1 and 9% for C-F,
respectively (see Fig. 2b and Fig. 3a).

3.3. TAN losses are linked to chloride oxidation chemistry

TAN and chloride mass balances (Fig. 3) show a fraction of feed TAN
and chloride undetected in product, waste or effluent marked as loss.
TAN and chloride losses show synchronized behaviour between exper-
iments (Fig. 3), which can be linked to changes in chloride oxidation
pathways. TAN oxidation chemistry on BDD in chloride containing
media is complex and is affected by electrode potential and electrolyte
pH, and the exact reaction mechanisms for urine remain unclear
[24-27]. As a simplification, previous literature and results indicate that
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at sufficiently high chloride to TAN concentration ratio, an intermediate
oxidation product, hypochlorite (HOCl/OCI'), can accumulate in the
bulk and react with TAN to form chloramines and produce the oxidation
reaction known as “breakpoint chlorination”, which can rapidly oxidize
TAN into Ny and reduce hypochlorite back into chloride. A limiting Cl/
TAN ratio has traditionally been cited around 1.25 — 1.75Cl/TAN mol/
mol [28], but our results illustrate a possibly lower limiting ratio for
urine using BDD at ~ 0.2Cl/TAN mol/mol [24]. If Cl/TAN ratio is not
high enough, breakpoint chlorination-type rapid oxidation is not
observed. In low anodic pH (<pH 3), chloride oxidization can favour
pathways that produces high amounts of chlorate and perchlorate,
reducing the Cl/TAN ratio and thus, TAN oxidation [24].

The reactor system in the current study has two BDD anodes at
different pH values both connected to circulation loops with stainless-
steel cathodes that can potentially immediately reduce the produced
hypochlorite and chloramine species [29-31], affecting the extent of
breakpoint chlorination in each loop. The observed TAN loss is assumed
to be mostly N2 gas, as nitrate and nitrite both had negligible concen-
trations. Additionally, nitrate and nitrite concentrations in all measured
samples were below the EU drinking water standard 50 mg NO3 L and
0.5 mg NO, L}, see supplementary information S3. TAN losses through
ammonia stripping was also previously shown to be negligible in this
reactor type and setting. While high pH cathodic conditions are suitable
for ammonium volatilization, the closed reactor configuration without
external gas flow hinders volatilization. [24]

Cl losses involve reactions forming product species such as chlora-
mines, chlorinated organics, and hypochlorite, but these species are not
expected to concentrate to a significant degree and concentrations of
these species are expected to remain low relative to initial urine chloride
concentration [28], and it is thus assumed that chloride loss in the
system comprises mostly chlorate, perchlorate and chlorine gas forma-
tion [25,26]. Hypochlorite speciation (HOCI/OCI’, pKa 7.5) can also
affect the oxidation chemistry.

The largest chloride and TAN losses were observed in TRKL and MAX
(15-17% TAN, 68 — 74% Cl), which were approximately double the
losses of the control reactor CTRL (6% TAN, 36% Cl) (see Fig. 3). The
increase in chloride and TAN losses is assumed to be due to indirect
oxidation of TAN in the cathodic loop. This can be due to oxidation
pathway differences in the anodic and cathodic loops. The TAN break-
point oxidation pathway at the anodic loop is expected to be suppressed
by the low pH at the product reactor anode, directing chloride oxidation
towards chlorate and perchlorate formation and not to hypochlorite
release from the anode, required for breakpoint chlorination [24]. On
the cathodic loop, the pH is alkaline, and no such suppression of hy-
pochlorite concentration is expected. This is supported by the lower
chlorate and perchlorate formation (10% and 5% of initial chloride) in

TAN a) N
mol/molg

c)
mol/mol,

b
I/ oly )

1.0 : - : !ﬁ
B Product
B Waste
B Effluent

05 | i l [J Loss

’ B CIOo,

0.0 CTRLITRKL[ MAX[NRW|LOW[ C-F

CTRLITRKLI MAXTNRW[LOW|[ C-F

CTRLITRKL| MAX [NRW[LOW[ C-F

Fig. 3. a) Total ammonium nitrogen (TAN), b) Na and c) Cl mass balances, respectively. Units are mol of species in relation to moles in the feed. Loss indicates a
fraction of feed mass not measured in product, waste or effluent. ClO, = chlorate (ClO3) + perchlorate (ClOy).
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TRKL and MAX compared to CTRL (21%).

In the last three experiments, NRW, LOW and C-F, TAN losses
(<11%) and chloride losses (<10%) were smaller. In NRW, no
measurable TAN or chloride loss was detected. One hypothesis for no
measured loss would be the absence of TAN or Cl oxidation pathways,
but this is highly unlikely as both anodic potentials (3.4 and 2.9 V vs.
SHE for product and waste reactor, respectively) are above the anode
potential suitable for hypochlorite formation, expected to proceed at 1.4
—1.6 V vs. SHE on BDD [32]. A more likely hypothesis is that chloride
oxidation to hypochlorite and subsequently to chloramines are likely
occurring in all experiments, but these species can be immediately
reduced back to chloride and TAN at the stainless-steel cathodes in the
same loop. If a similar hypochlorite/chloramine reduction rate is
induced at the cathode, this can counter the hypochlorite/chloramine
production at the cathode before reaching concentrations required for
breakpoint chlorination to proceed in either loop [24,33-39]. Under-
standing the TAN loss mechanisms can further improve salinity removal
without TAN removal in the future.

Fig. 4 illustrates the measured chloride and TAN losses plotted
against the difference in measured product and waste reactor anode
potentials (Panode P — Panode w), used as a compound measure for
oxidation - reduction potential for the reactor system, in each experi-
ment. A more precise method would be to compare the anodic and
cathodic potentials present in each loop separately, but as cathodic
potentials were not measured, comparison of reactor anodic potentials
directly can be justified, as they are proportional to the cathodic po-
tentials on the opposite side of the cell [33,34]. Fig. 4 shows a correla-
tion (with R? of 0.92 and 0.93 for chloride and TAN, respectively)
between measured product and waste reactor potentials (Papode p —
Panode w), and measured TAN and chloride losses, supporting the hy-
pothesis of simultaneous anodic oxidation and cathodic reduction pre-
sent in both loops.

The result showing low or no production of chlorates or perchlorates
with high potential on a BDD in the presence of chloride containing
media is a significant finding as chlorinated by-products can be inhibi-
tory for the application of advanced oxidation processes [40]. By uti-
lizing a separate cathode next to the active anode, it can be possible to
independently control the reduction rate and potential from the oxida-
tion rate and potential, allowing the inhibition of formation of chlorates
and perchlorates. Relatively-high concentrations of chlorate or
perchlorate were formed in multiple experiments (see Supplementary
information S5), which are toxic and persistent substances and related to
anodic oxidation on selected electrode materials (including BDD) in the
presence of chloride [40]. The technology described in this article is not
electrode-specific and Na/TAN separation using the same method can be
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envisioned without the production of chlorate or perchlorate by using
other dimensionally-stable electrodes with lower overpotentials.

3.4. Organic and inorganic carbon exit the system through different
mechanisms

A reduction of 33-45% TOC was observed in all the experiments (see
Fig. 5) as the TOC was oxidized into carbon dioxide and removed as gas.
67-83% of the remaining TOC concentrated in the product, except in
NRW, where only 46% of remaining carbon was recovered in the
product. The steady oxidation rate of TOC, which is not significantly
changed with function to anodic potential, chloride concentration, or
pH, implies a separate set of oxidation pathways compared to chloride
and TAN oxidation. Further analysis on these pathways can be found in
previous work [24]. TOC is also transferred into the waste proportional
to the current density ratio of the waste and product reactors. However,
due to preferential movement of other charge carriers, TOC starts
concentrating only when some initial buffer capacity is depleted, indi-
cating that the existing TOC has low relative ionic conductivity
[20,21,41-43]. The presence of chlorate and perchlorate infers a pos-
sibility for the presence of chlorinated organic by-products that can be
persistent and harmful [40], and different electrode materials and lower
anodic potentials should be considered to avoid formation of these by-
products.

The fate of inorganic carbon (IC) is controlled by pH: Whenever the
anodic loop pH is below the pKa of CO,/HCO3 (pH 6.4 at 25 °C), then IC
is volatilized as CO2 (27-35% reduction measured for CTRL, TRKL, MAX
and LOW) and can leave the system as a gas through the reactor loop.
For NRW and C-F, IC loss is only 12 + 5% and 5 + 5% with anodic pH of
6.8 and 7.8, respectively. The pH also controls the electrochemical
movement of IC and when the anodic pH was low (pH < 4) and IC was
predominantly uncharged (H2CO3), it did not concentrate into the waste
(0-2% mass in waste product). In NRW and C-F, the anodic pH was >
6.8, and a significant part of IC mass concentrated into the waste from
the anodic loop side as it existed as predominantly charged species,
(HCO3’ and CO%’). This resulted in IC comprising21 + 2% and 15 + 1%
of the mass in the waste for NRW and C-F, respectively.

3.5. Product characteristics

The product in this study had an average NPK concentration of
2.4-1.8-2.0 (see Table 3). Consumer chemical liquid fertilizers, such as
lawn fertilizers or houseplant fertilizers have varied NPK concentrations
ranging from products with high equal NPK concentrations (20-20-20)
to a wide array of products with a variety of lower NPK concentrations.

1.00[Chloride loss a) 0-20[TAN loss ko
mol/mol, mol/moly
TRKL TRKL; <9
® MAX
°
R?=0.92 R?=0.93
CTRL '-O.VV CTRL
® °
C-F
[
LOW
©
NRW
000 I NﬁWC-F I I 000 I i I !
0 2 4 0 2 4

Panode,P - Panode,W [V]

Panode,P - Panode,W [V]

Fig. 4. a) Cl and b) TAN losses plotted against the difference of product and waste reactor anode potentials, an indicator of the oxidation potential for chloride
compounds in the reactor. CTRL is not part of the fitting data, but it is included in the graph for comparison.
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Fig. 5. Total organic carbon (TOC) and inorganic carbon (IC) mass balances in the different runs.

Organic liquid fertilizers refer to soil amendment products derived from
natural sources (animal by-products, rock powder, seaweed), typical
examples including e.g. 5-2-2 NPK fish emulsion or 2-3-1 NPK seaweed
emulsion [44]. The world’s first commercial urine fertilizer Aurin, based
on nitrification and concentration through distillation, has 4.2-0.4-1.8
NPK [45]. The product concentrate obtained in this study is close in NPK
concentration to a typical organic liquid fertilizer composition currently
on sale for household consumption. The product concentrate also has
high concentration of sulfate, another main nutrient, and concentrate
product from real urine is expected to contain also other nutrients such
as iron, boron, copper, and zinc as well as residual amounts of magne-
sium and calcium. Salinity can be an issue in long term use for a urine
nutrient [14], and even partial reduction of sodicity as achieved in this
proof-of-concept study, can allow increased use. Furthermore, the effect
and mitigation of ClOx needs to be considered separately to account for
potential toxicity concerns (see supplementary information S5 for ClOx
concentrations) or novel removal technologies [46].

The technology meets EU wastewater treatment criteria for organic
reduction and nitrogen reduction and can be considered a partial
treatment technology (depending on local legislation and implementa-
tion), as well as a nutrient recovery technology. Even partial separate
treatment of urine can bring significant environmental benefits for waste
water treatment reduced sewer corrosion [47], and reduced wastewater
treatment energy consumption and greenhouse gas emissions [48].

Table 3
Averages of measured concentrations in the feed, product and waste concen-
trates, and effluent. Values in mmol L', if not stated otherwise.

Parameter Urine Product Waste' Effluent
TAN 470 + 40 1700 + 200 420 + 370 97 + 18
PO,y 29+1 72+7 41 + 22 14 +2

K 70 £ 3 210 + 30 300 + 40 15+5
SO4 19+1 55+5 76 + 40 5+1.3
Na 110 + 10 370 + 40 430 + 60 31+9

Cl 250 + 10 290 £+ 50 210 + 170 12+ 3
TOC 190 + 20 450 £ 70 150 + 110 28+5

1C 250 + 10 760 + 120 240 + 300 43+9
NPK” 0.7-0.7-0.7 2.4-1.8-2 0.6-1-2.8 0.1-0.4-0.1

1 The waste values are an average from TRKL, LOW and C-F experiments as
they produced a waste product with similar NPK composition — for results for
MAX and NRW, see supplementary information S2.

2 NPK are N, P and K values used in fertilizer labelling (in most countries).
They refer to percentage by weight of elemental N, P,Os and KO in the product.
If the product contains some other form of P or K than P05 or K0, the value is
given as the amount of P,Os or K»O needed for the equivalent amount. This unit
is used for reader for easy comparison with consumer products and industrial
data.

3.6. Parameter optimization

This study was purposely limited in framing: the hydraulic retention
times and reactor configuration were kept constant to allow comparison
between experiments. Fixed hydraulic retention times limited the
selected electric currents: the aim was to reduce at least 75% of feed
ionic content either through electro-oxidation or electro-concentration.
The ionic conductivity was lowered by 74 — 88 % during the experiments
(CTRL and LOW had the lowest ion removal of 74 and 75%, respectively,
and MAX and C-F the highest ion removal of 85 and 88%, respectively).
Similar ion removal with lower currents can be achieved by extending
reactor hydraulic retention times. Longer loop retention times allow
further pH separation, while longer reactor retention times allow addi-
tional ion removal. This concept can be simplistically illustrated by
comparing the results between MAX and LOW experiments. In MAX and
LOW the waste and product reactor current density ratio is of similar
magnitude (W/P 0.2 and 0.15 for MAX and LOW, respectively), while
the product reactor anodic potentials are at a different level (5.3 and 3.4
V vs. SHE for MAX and LOW, respectively). When comparing results
between the two runs, the product Na/TAN aligns (Na/TAN 21.0 £ 0.5%
for MAX and 21.4 + 0.6% for LOW), total power use for LOW is 46%
lower (1.12 W in MAX and 0.61 W in LOW) and specific power use for
TAN capture in LOW is 37% lower (18.0 kWh/kgN in MAX and 11.3
kWh/kgN in LOW). In addition, TAN and Cl losses were significantly
lower in LOW compared to MAX (7 vs. 17% for TAN and 10 vs. 68% for
Cl in LOW and MAX, respectively).

These experiments provide a proof-of-concept to show that Na/TAN
separation can be achieved using reagent-free pH-controlled electro-
concentration. It identified the cathodic loop pH as the most impor-
tant parameter for Na/TAN separation to succeed, and points out the
loop and reactor retention times and anodic potentials as key parameters
for energy use optimization, TAN loss minimization, harmful by-
production mitigation and TAN capture maximization. The idea of pH
selective electro-concentration has potential applications outside the
field of urine and wastewater treatment.

4. Conclusions

e Electro-concentration of synthetic source-separated urine in a novel
reagent-free double reactor set-up enables reduction of sodicity of up
to 17% with up to 76% TAN recovery.

e Electrochemical pH control allows for ion-specific Na and TAN sep-
aration due to NHj inertness to electromotive force. 17% lower
sodicity (Na/TAN) in the product was achieved at specific energy
consumption of 22 kWh kgN~! and 12% lower sodicity at 11 kWh
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kgN~!, compared to a single reactor control with 21 kWh kgN~?
without sodicity reduction.

The redox chemistry on BDD anode and stainless-steel cathode
electrodes resulted in a wide distribution of nitrogen and chloride
reaction chemistry and product species, enabling diverse opportu-
nity for product tailoring and optimization.

To further improve the process performance and lower the specific
energy consumption, lower anodic potentials should be favoured.
Further, to reduce by-product formation, alternative electrode ma-
terials should be tested.
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