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ABSTRACT

Bioelectrochemical systems enable the recovery of ammonium from wastewater with low energy requirements
and as a concentrated nitrogen-rich stream. This work aims to thoroughly investigate different cathodic electrode
configurations and to optimize the operational conditions for active ammonium recovery from synthetic
wastewater as concentrated ammonium sulphate. Different applied current intensities (50 mA, corresponding to
5 A m~2 and 75 mA, corresponding to 7.5 A m~2) and initial ammonium concentrations (between 0.3 and 3 g
L ™! N-NHZ) were tested in an abiotic electrochemical system to understand the upper threshold of the used three-
chamber configuration with hydrophobic membrane in terms of ammonium recovery rate (Rre). With an
external current of 75 mA, the highest value was 55 gN-NHf m~2 d~! when removing 97 % from an initial
ammonium concentration of 3 g L1, Bioelectrochemical ammonium removal/recovery was evaluated under
different applied potentials (0.8, 1.0, 1.2, and 1.4 V) using two configurations: a Nickel-based gas diffusion
electrode (GDE) and a configuration with the cathode (stainless steel or nickel foam) physically separated from
the hydrophobic membrane. The highest removal rate (Riem) (21 gN-NH} m 2 d!) was exhibited for stainless
steel cathode at 1.4 V mainly due to its higher current density, which increased the cations migration. This higher

Ryem also led to a higher Ryee (17 gN-NHf m ™2 d™1).

1. Introduction

In the last decade, much focus has been shifted from treating
wastewater to channelling energy and nutrients contained in waste
streams and reducing the burden and costs of wastewater treatment [1].
Bioelectrochemical systems (BESs) have been highlighted as an effective
and sustainable technology for energy and nutrient recovery from
wastewater [2]. However, BESs need to be further developed, opti-
mized, and adequately integrated to be energy efficient and widely
implemented in full-scale conditions.

Ammonium nitrogen in wastewater has emerged as an appealing
compound from a resource recovery point of view. Industrially,
ammonia is produced by nitrogen fixation (Haber-Bosch process) [3],
which is highly energy-intensive and dependent on fossil fuels
(ammonia production in 2020 reached 235 Mt. and accounted for 8.6
EJ, equivalent to 2 % of the total energy consumed globally) [4]. In a

conventional wastewater treatment plant (WWTP), the entering
ammonium is mostly transformed into nitrogen gas [5] through the
nitrification + denitrification process in view of reducing the risk of
eutrophication of receiving water bodies [6]. Thus, ammonium is
removed but not recovered in spite of being a valuable product with
multiple uses: a vast amount of nitrogen-based fertilizers are produced
for agriculture [7] and ammonia has gained significant interest recently
as a candidate vector for power generation [8]. The use of BES for
ammonium recovery from wastewater holds promise as a suitable
alternative in the circular economy framework.

BESs used for ammonium recovery can be divided into microbial fuel
cells (MFCs) and microbial electrolysis cells (MECs) [9,10]. In MFCs,
electricity is produced via spontaneous oxidation and reduction re-
actions [11]. In MECs, a small amount of external energy is applied to
make the oxidation and reduction reactions thermodynamically feasible
(i.e. hydrogen evolution reaction (HER) in the cathode) [12]. In both
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BESs, anode-respiring bacteria oxidize organic matter to carbon dioxide
and protons and use a solid anode as a terminal electron acceptor [13].
The electrons flow from the anode to the cathode through an external
circuit. At the cathode, the electrons combine with an electron acceptor
to form the target product. When recovering ammonium from streams
containing organic matter, ammonium ions can be transported from the
anodic chamber onto the cathodic chamber through a cation exchange
membrane (CEM) via diffusion and/or current-driven migration [14].
Diffusion of ammonium ions is induced by the concentration gradient
across the CEM, while the electric field drives the migration of ammo-
nium ions to maintain the charge balance within the cell [15]. There-
fore, ammonium ions can be concentrated in the cathode chamber or
recovered with an additional recovery unit [9,16].

The ammonium ions have an acid-dissociation constant (pKa) of 9.25
(at 25 °C) [17]. Hence, once the solution pH exceeds 9.25, ammonium
ions dissociate predominantly as free volatile ammonia (NHgs). In BES,
cathodic reduction reactions such as hydrogen production can elevate
the catholyte pH and drive the generation of dissolved ammonia, thus
reducing the operating costs as the need for external alkali addition is
avoided [16,18].

Once concentrated in the cathode, researchers have extensively
studied two methods for bioelectrochemical ammonia recovery: 1)
stripping the catholyte with air [3] and 2) hydrophobic membranes,
such as in transmembrane chemisorption systems (TMCS), which are
permeable to gases [19,20]. In both cases, ammonia can be recovered by
successive absorption in an acid solution [3,21]. However, air stripping
is often unfeasible since it incurs considerable energy input and creates a
large volume of low-value off-gas [22-24]. Some studies using stripping
as the recovery method reported energy consumption between 17 and
26 kWh per kg of ammonium removed [25,26]. Kuntke et al. achieved a
recovery rate (Rrec) of 3.3 gN-NHZ m~2d!in a MFC [27], and Liu and
co-workers reported a Ryec of 10 gN-NHf m 2 d~! in a MEC using
stripping [28].

Hydrophobic membranes allow less complex ammonia recovery and
have a lower energy demand than the stripping method [29,30]. These
membranes can be made of polymers like polypropylene (PP) [19],
polyvinylidene fluoride (PVDF) [31], or polytetrafluoroethylene (PTFE)
[21]. Dissolved ammonia gas in catholyte can pass through the pores of
the hydrophobic membrane and react with an acidic solution placed on
the other side [29]. Depending on the type of acid solution, ammonia
could be harvested into ammonium salts such as NH4NO3 or (NH4)2SOy4,
which can be used as liquid fertilizers. One of the most critical problems
with using hydrophobic membranes is membrane fouling, but in most
BESs, the catholyte in direct contact with these membranes is a clean
alkaline solution that reduces the risk of fouling [21].

The hydrophobic membranes can also be used as carrier materials for
a catalyst layer in constructing gas diffusion electrodes (GDEs). When
employed in an air cathode [27], a Ryec of 3.29 gN-NHj m 2 d! was
achieved at a current density of 0.50 A m™2. Soon after, ammonium
recovery using a gas-permeable hydrophobic tubular membrane was
successfully demonstrated reaching Rrec of 19 gN-NHf m™~2 d~! [29].
The integration of ammonium recovery in a scaled-up MEC (0.5 m?)
using a gas-permeable membrane was also successfully achieved,
showing the potential for a less complex and energy-efficient ammo-
nium recovery step [16]. Cerillo et al. obtained a Ryec of 7 gN-NHZ m~2
d~! in a MEC (using carbon felt as anode and granular graphite as
cathode) coupled to an ammonia recovery system based on a hydro-
phobic membrane. A much higher Rye. of 66 gN-NHj m~2 d! was
achieved by Cerillo et al. in a MEC (carbon felt as anode and stainless
steel as cathode) [32] fed with pig slurry (current density 1.40 A m~2)
[21]. More recently, Hou et al. obtained a Rye. of 36.2 gN-NHZ m24d7!
at a current density of 25.5 A m~2 using a GDE [19]. These previous
works demonstrated that hydrophobic membranes could be successfully
employed in a MEC for ammonia recovery compared to the less energy
efficient stripping method.

Using a GDE or a combination of a cathode and a hydrophobic
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membrane remains an open question. On the one hand, there is a lack of
long-term operability of GDE for ammonia recovery and therefore needs
further investigation. On the other hand, if the catholyte pH is not high
enough, ammonium will predominantly convert to ammonia near the
electrode surface, where pH is elevated due to the HER. This localized
conversion can reduce system performance in the cathode + hydro-
phobic membrane set-up by increasing the distance between the elec-
trode and the hydrophobic membrane.

The R, obtained in BESs have remained lower than those in abiotic
electrochemical systems (ESs) with hydrophobic membranes, primarily
due to the lower current densities in BESs [9,33]. For instance, an Rye. of
94 gN-NH4 m 2 d ™! at a current density of 20 A m~2 was achieved by
membrane stripping [30]. In another ES study, a Ryec of 1010 gN-NHZ
m~2 d~! with a current density of 100 A m~2 using a hydrophobic
membrane was obtained [34]. However, BESs allow ammonium recov-
ery with lower energy demand due to part of the energy being recovered
from the organic substances and the simultaneous treatment of the
loaded water.

While an overall view of ammonia recovery using BESs is arising,
some issues remain unresolved. Despite its essential role, the transport of
ammonium ions through CEM is not fully comprehended. Since many
cations are present in the anolyte, they compete with ammonium ions
for transport across the CEM under current. Different studies reported
that ammonium migration accounted for 30-90 % of the ionic flux in the
BES depending on the initial ammonium in the anolyte [27,28]. As the
ion transport depends significantly on the anodic and cathodic cation
concentrations, understanding the relationship between the ammonium
migration/diffusion through the CEM in biocompatible conditions that
reflect wastewater is essential.

This study proposes a three-chamber MEC to assess ammonium re-
covery including a hydrophobic membrane system, providing new in-
sights into relevant issues. First, the competition of ammonium transport
with other cations was studied under biocompatible conditions in
abiotic reactors. Bioelectrochemical ammonium recovery was then
assessed using two different configurations: (i) the direct integration of
the membrane electrode in the cathode chamber as a GDE and (ii) the
use of hydrophobic membrane and cathode separately.

2. Material and methods
2.1. Experimental methodology

The selectivity of the ammonium transport from anolyte to catholyte
through the CEM was first studied in abiotic experiments using a two-
chamber setup. For these experiments, the chronopotentiometry oper-
ation mode was chosen between anode and cathode to avoid fluctua-
tions in current density and, thus, in ion flux. Chronopotentiometry was
performed using a programmable DC power source (LABPS3005DN,
Velleman Group, Belgium). To determine the transfer rates and effi-
ciencies of selected cations (NHJ, Kf and Na™), samples were taken from
anolyte and catholyte before and after applying a constant current in-
tensity of 50 mA for 24 h. An open-circuit experiment was also con-
ducted to assess ammonium diffusion across the CEM. In these
experiments, the system was left without power supply, and ammonium
transport was driven solely by the concentration gradient between the
anode and cathode. This experiment was carried out over a 24-h period
with an initial ammonium concentration of 2 g L1

Ammonium transport from anolyte to catholyte and to the recovery
solution was then examined under constant current (50 mA, equivalent
to a current density of 5 Am ™2 or 75 mA, equivalent to a current density
of 7.5 A m~2) using a three-chamber setup. To calculate ammonium
removal/recovery rates and efficiencies, samples were taken from ano-
lyte, catholyte, and recovery solutions at the start and end of a 24 h
period.

Finally, ammonium recovery was studied in three-chamber MECs,
comparing two different configurations: a GDE and a configuration with
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the Ni foam (NF) or stainless steel (SS) cathode physically separated
from the hydrophobic membrane under different applied voltages (0.8
V,1.0V, 1.2V, and 1.4 V) to determine the ammonium recovery, energy
consumption and electrode stability with each material. A power source
was used to apply voltage between the anode and cathode. The current
intensity was monitored by measuring the voltage across a 10 Q external
resistor placed in the anodic connection. Voltage measurements were
taken every 10 min using a 16-bit data acquisition card (Advantech PCI-
1716) and controlled by AddControl software, developed by the GEN-
OCOV research group in LabWindows CVI.

2.2. Reactors and materials

A set of three flat-plate BES (or MECs) reactors was built (Fig. S1 in
the Supplementary Information). Each reactor had an anode chamber
(0.4 L) including a carbon felt anode (Alfa Aesar, Germany, projected
area per side 100 crnz), a cathode chamber (0.2 L) separated from the
anode chamber by a CEM (CMI-7000, Membranes Internationals, US)
and one recovery chamber (0.2 L) separated from the cathode chamber
by a GDE and/or a hydrophobic polyethylene (PE) membrane (DuPont,
US). When a PE membrane was employed, the cathode used was either
NF or SS. 3D printed spacers, made of PP, were placed in the anodic,
cathodic, and recovery chambers to avoid deformation of the electrodes
and membranes and promote mass transfer. The generated gas was
collected with a gas bag connected to the top of the recovery chamber to
prevent pressure buildup due to gas accumulation (primarily Hy). Gas
production and its composition were not measured. A conceptual dia-
gram illustrating ammonia recovery in MEC is depicted in Fig. 1.

2.2.1. Abiotic ammonium transport and recovery

In abiotic experiments, a Ni-PP based GDE was used as the cathode.
The GDE consisted of a hydrophilic Ni top layer deposited on a hydro-
phobic PE support layer (0.22 um, Tisch scientific, North Bend, OH),
which only allowed the passage of gases, such as ammonia/hydrogen.
The detailed preparation route of the GDE can be found in the work of
Hou et al. [19]. The GDEs were in direct contact with SS current col-
lectors. The anolyte was a synthetic medium that contained the
following per litre: 12.04 g L™ NayHPOy, 2.06 g L™} KH,PO,4, 0.2 g L1
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NH4CL, 4.0 mg L~! FeCl,, 6.0 mg L~! Na,S and 5 mL of a nutrient so-
lution (g L™, 1 EDTA, 0.164 CoCly-6H50, 0.228 CaCly-2H,0, 0.02
H3BO3, 0.04 NayMoO,-2H,0, 0.002 NasSeOs, 0.02 NayWO4-2H,0, 0.04
NiCly-6H,0, 2.32 MgCl,, 1.18 MnCly4H,0, 0.1 ZnCl,, 0.02
CuSO4-5H,0 and 0.02 AIK(SO4)2).

Cation transport experiments were performed using two distinct
catholyte solutions: (i) 4 g L~! NaCl and (ii) a synthetic medium, iden-
tical in composition to the anolyte. The initial NHs" concentration in the
anolyte was varied in separate experiments, with concentrations of 0.5,
1,1.5, and 2 gN-NH+" L1, The anolyte composition remained consistent
otherwise. The impact of different catholyte compositions on NHa"
transport was evaluated. The NaCl solution, with its simpler ionic
composition, was chosen to better isolate the role of NHs" migration. In
contrast, the synthetic medium, containing additional cations, was
tested to assess how the presence of other ions might influence the
transport dynamics of NHa". In a separate set of experiments focused on
ammonium recovery, a broader range of initial NHs™ concentrations
(0.3-3 gN-NH4+" L) was tested to evaluate recovery efficiency under
varying load conditions. The ammonium was recovered on the other
side of the GDE as ammonium sulphate using 1 % sulphuric acid as the
recovery solution.

2.2.2. Biotic ammonium recovery

In biotic experiments, three types of cathodes were tested, including
NF (purity >99.99 %, 1.6 mm thickness, porosity >95 %; Recemat
Ni4753.016); SS mesh (304, Feval filtros, Spain) and previously
described GDE (projected area 100 cm?). With NF and SS, titanium wire
was used as the current collector.

The anode was inoculated with anaerobic sludge collected from a
nearby wastewater treatment plant. The anolyte was a synthetic me-
dium, recirculated at 15 mL min ! through the anode chamber and an
external reservoir (300 mL) using a peristaltic pump during the exper-
imental period. Sodium acetate (1500-2000 mg L’l) was added in the
biotic tests to provide a carbon source for microbial activity. In contrast,
no sodium acetate was added in the abiotic experiments, as the aim was
to study how the cations in the synthetic medium behave without any
microbial influence. Each experimental condition was tested in at least
two independent batches to ensure reproducibility.
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Fig. 1. Schematic representation of the MEC configuration used for ammonium recovery.
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The catholyte (4 g L' sodium chloride) and recovery solutions (1 %
sulphuric acid) were not recirculated. After every batch, the anolyte in
the reservoir was replaced, acetate was added, and both the catholyte
and the recovery solution were replenished. Electrochemical analysis of
the SS material was carried out using cyclic voltammetry (CV) and
chronoamperometry (CA). CV measurements were conducted between
—0.1 Vand + 1.1 V vs. Ag/AgCl at a scan rate of 20 mV s~! in synthetic
medium. CA was performed at a fixed potential of +0.3 V vs. Ag/AgCl
for 30 min. All measurements were performed using a BioLogic poten-
tiostat (BioLogic Science Instruments, France) in a standard three-
electrode configuration, with the SS sheet as the working electrode,
Ag/AgCl (3 M KC)) as the reference electrode, and a platinum sheet as
the counter electrode.

2.3. Calculations

The current density was calculated based on the projected anode
surface area. Ammonium removal efficiency (Erem) was calculated with
Eq. (1):

N-NH; initial, anolyte — N-NH, final, anolyte
N-NHj initial, anolyte

Eyem(%) = 100 eh)

where N-NHZ initial, anolyte and N-NHY final, anolyte are the initial and final
concentrations of N-ammonium in the anolyte (g L™h.

The ammonium recovery efficiency (E;e.) was calculated as the ratio
between the final mass of ammonium in the recovery solution and the
initial mass of ammonium in the anolyte (Eq. (2)).

_ N-NHj{final, recovery-V,

Erec (%) = —
w (%) N-NHj initial, anolyte-V,

100 (2)

where N-NHZ final, recovery iS the final concentration of N-ammonium in
the recovery chamber (g L’l), V; is the recovery solution volume (L), and
V, is the anolyte volume (L).

The ammonium removal rate (R;em) was calculated with Eq. (3)

(N—NHI initial, anolyte — N-NH;, final, anolyte) Vo

Rrem = py— 3
where Aggy is the CEM surface area (m?), and t is time (d).
The ammonium recovery rate (Rye.) was calculated as Eq. (4).
(N—NH4+ final, recovery — N-NH, initial, recovery) -V,
Rpee = (4)

Appt

where Ap) is the membrane surface area (m2), t is time (d), and N-NHZ
initial, recovery iS the initial concentration in the recovery chamber (g L.
The N-NHZ load ratio Ly (—) was calculated as Eq. (5) [35].
i

Ly %)

Q' Canolyte.inﬂow.TAN -F

where i is the applied current (A), Q is the anolyte inflow rate m3s™,
Canolyte,inflow, TAN is the molar concentration of total ammonium nitrogen
(mol m_g), and F is the Faraday constant (96,485 C mol™1). In this study,
the load ratio was calculated for an experimental period of 24 h.
Coulombic efficiency (CE) is the ratio between electron moles as
current intensity to the total electron moles available from substrate
oxidation (Eq. 6).
J Idt

tc

= Vb, Facu 1% ©)

CE(%)

where ty and tg (s) are the initial and final times of a batch experiment, I
(A) is current, Vi, (L) is the volume of liquid in the reactor, b is the
number of e~ transferred per mole of substrate, AC (g L) is the dif-
ference between initial and final substrate concentration over the batch
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cycle, and M, (g mol™1) is the molecular weight of the substrate.

The transport number of ionic species i, is denoted as t;, represents
the fraction of the total charge flux carried by the ion i, relative to the
total charge flux of all ions. This total charge flux is equivalent to the
charge carried by the electrons through the external circuit. The trans-
port number t; is calculated as (Eq. 7):

Cio — Cit

ti = VFZi ftIdt
0

(7)

where z; is the charge of species i, ¢j, and c; are the concentrations of
species i at times O and t, respectively, V is the volume of the
compartment, and fé I dt represents the total charge transferred through
the external circuit during the experiment.

2.4. Chemical and optical analyses

Acetate concentrations were measured at the beginning and the end
of each cycle with a gas chromatograph (Agilent Technologies 7820-A)
employing a DB-FFAB column (30 m of length, 250 pm of internal
diameter, and 0.25 pm of film thickness) and a flame ionization detector.
The sample preparation procedure consisted of pipetting 800 pL of
filtered samples (0.22 pm syringe filter) into a glass vial with 200 pL of
preserving solution (used as an internal standard). The preserving so-
lution was composed of 2 g of HgCly, 2 g of hexanoic acid, and 33.7 g of
orthophosphoric acid in 1 L of deionized water.

Ammonium, potassium, and sodium concentrations were deter-
mined using a Dionex DX-120 ion chromatograph with an AS40 auto-
sampler, an IonPac CS12A cation exchange column, a CSRS 300
suppressor (4 mm) (Thermo Fisher Scientific, USA) and 20 mM methane
sulfonic acid as eluent at 1 mL min 2.

The surface structure of each layer of GDE was visualized on scan-
ning electron microscopy (SEM) using a Merlin Zeiss microscope oper-
ated at a 5 kV and with a dispersive energy X-ray (EDX) analysis system
and Joel JSM 6010 (Joel, Ltd., Tokyo, Japan).

3. Results and discussion

The experimental results are categorized into two different parts. The
first part, under abiotic conditions, aims at understanding the maximum
ammonium Ry, in the existing set-up using current densities that are
common in BES. The second part of the paper aims to compare these
values with the long-term performance of several three-chamber MECs
under different conditions.

3.1. Abiotic experiments

3.1.1. Cation transport through CEM under different conditions

The E;em was quantified under different initial ammonium concen-
trations in the presence of common competing cations (Na* and K*) and
under a fixed applied current (50 mA) over a 24 h period. The aim of
these experiments was to understand which cation transport dominated
the charge transport across the CEM. For these experiments, the proton’s
contribution to current transport through CEM was not taken into ac-
count because the anolyte pH was neutral, and, under these conditions,
their contribution is trivial [36]. Current density and the gradient of
ammonium concentration between anode and cathode regulate the
ammonium transport across the CEM [25,27,37]. Ammonium can also
diffuse from the anode to the cathode with no applied potential due to an
ammonium concentration gradient. As a standard base, diffusion
accounted for a significant amount of ammonium removal (Eer, of 18 %
in 24 h) in an open circuit with 2 g L™! of initial ammonium.

Fig. 2 shows the net transport number of different cations for
different initial ammonium ion concentrations and two catholyte solu-
tions: a commonly used and high-conductivty solution concentration of
4 gL' NaCl (1.6 g Na* L™1) and the mineral medium (containing 3.9 g
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Fig. 2. Net transport numbers for different initial ammonium ion concentra-
tions in the anolyte: a) with sodium chloride as catholyte and b) with mineral
medium as catholyte.

L~! Na* and 0.6 g L™! K*) [38]. For the first case (Fig. 2A), a higher
initial ammonium ion concentration improved its transport as also
observed in previous studies [14]. For an initial low ammonium con-
centration of 0.5 gN-NHZ L™}, only 20 % of the charge was carried by the
migration of ammonium. Moreover, the absence of other cations (such
as Mg?*, K™ or Ca2") in the catholyte also promoted their significant
migration from the anolyte. Conversely, the transport of ammonium
balanced 89 % of the charge at high initial ammonium concentrations (2
gN-NHZ L™1). Although transport numbers can vary with changes in
cation molar fractions over time [39], in this study, net transport
numbers were calculated based on ion concentrations measured after 24
h. These measurements established a baseline for ion transport and to
evaluate the competition between cations over the course of the abiotic
experiments. Other authors have also seen improvements in nitrogen
flux (26 gy m 2 d~1) by using NaCl (0.1 g L™1) as a catholyte as
compared to using phosphate buffer (KH,PO4, 3 g L' and NayHPO4, 6 g
L_l) as a catholyte [40]. As indicated in that study, which used a MFC
configuration, the improvement was likely due to a decrease in internal
resistance and an increased potential available for ion migration when
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Nacl is used.

When mineral medium was used as both the anolyte and catholyte
(Fig. 2B), sodium accounted for 60 % of the charge transport at the
lowest initial ammonium concentration. However, as the initial anodic
ammonium concentration increased to 2 gN-NH; L™}, ammonium
became the dominant charge carrier, responsible for over 80 % of the
total charge. In contrast, Yang et al., observed an increase in NHj re-
covery amount from 2.6 mmol to 3.05 mmol as the Na™ concentration in
the catholyte increased from 0.1 mmol L7 ! to 30 mmol L~! [41]. The
authors attributed this improvement to Donnan dialysis, as the higher
Na™' concentration in the catholyte, without altering the concentration
of other cations, facilitated NHJ transport.

Potassium and sodium ions were the main cations competing with
ammonium for transport across the CEM since they were present in
higher concentrations than other cations in the anolyte. While the high
permselectivity values of the CMI-7000 membrane for NHY (94 %), Na™
(100 %), and K (83.9 %) [42] provide insight into the membrane’s
preferential ion transport under equilibrium conditions, they do not
directly reflect the transport numbers of the cations under operational
conditions. In practice, cation transport through the membrane is gov-
erned not only by permselectivity but also by the relative concentrations
and molar fractions of the competing ions in the solution. Therefore,
even though the membrane shows a high intrinsic preference for Na*
and NHa", the effective transport of each ion is primarily dictated by
their availability in the mixture. In this study, at lower NH4" concen-
trations, sodium was the leading cation; however, at higher NH4" con-
centrations, ammonium became the dominant cation. At the same time,
potassium had little interference, even though it crossed the CEM. This
suggests that improving ammonium transport through the CEM would
require focusing on its concentration in the mixture, rather than relying
solely on the membrane’s permselectivity.

3.1.2. Assessment of ammonium recovery under abiotic conditions

Abiotic ammonium recovery was tested in the three-chamber setup
and under two applied currents (50 and 75 mA) to be within the range of
realistic intensities that can be usually obtained in a BES under
biocompatible conditions. For these applied currents, a range of initial
ammonium concentrations in the anolyte was tested (0.3-3 g L™} N-
NHJ). Fig. 3 illustrates the ammonium removed from the anolytein 24 h
for the two different applied intensities. As observed, a higher applied
current provides more driving force for the migration of ammonium
over CEM. With an applied intensity of 50 mA (Fig. 3A), the R kept
increasing when the initial ammonium concentration was increased
stepwise from 0.3 gN-NHZ L™! to 2.3 gN-NHZ L~! but decreased with the
highest tested initial concentration of 2.8 g L™!. The highest Ryec 0b-
tained was 49 gN-NH{ m~2 d™! at an initial concentration of 2.3 gN-
NHZ L~L. The limiting factor might be the cathodic pH, which, together
with ammonium concentration, rules the flux of ammonia removal
through the GDE (from the cathodic to the recovery chambers). High
cathodic pH (leading to low ammonium and high ammonia concentra-
tion) is desired to enhance ammonium transport from the anode to the
cathode through the CEM. In all cases, the cathodic pH was only be-
tween 8 and 9, which implies that less than a half of the ammonium
nitrogen was in ammonia form. As a result, it was not effectively
removed from the cathode via GDE, limiting the electromigration from
the anolyte.

When the applied intensity was increased to 75 mA (equivalent to a
current density of 7.5 A m™2) (Fig. 3B), the increase in initial ammonium
concentration led to higher rates. The maximum Ryey, and Ry values
obtained with the highest tested initial concentration of 3 gN-NHZ L~}
were 93 gN-NH m~2 d~! and 55 gN-NH{ m~2 d~?, respectively. The
higher intensity was thus shown to improve the Ryem and Ryec, but the
operation at high intensity was observed to cause damage to the GDE
(results not shown), likely because of the high pressure built in the
cathode chamber due to hydrogen formation. Therefore, higher current
densities were not tested.
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Fig. 3. Ammonium removal and recovery rates at different initial concentra-
tions under an applied current of (A) 50 mA and (B) 75 mA.

Generally, it is not easy to find a good point of comparison between
different ES studies for ammonium removal/recovery since different
operation modes, current densities, different materials, and initial
ammonium concentrations in the anolyte are used. Recently, it was
proposed that the Ly is vital in determining ammonium recovery and
energy input [43]. The Ly is the ratio between the current and ammo-
nium loading rates. Fig. S2 shows the Ly for each of the experiments.
This study’s Ly were below 1 with an applied current of 50 mA (except
for 0.5 gN-NH4 L™1), indicating that the applied current was insufficient
to transport all ammonium within the experimental period of 24 h. With
75 mA of applied current, the Ly was higher but not above 1 for a given
period of 24 h (except for 0.5 and 1 gN-NHZ L™1). For Ly lower than 1, it
would have taken more than 24 h to remove all the ammonium from the
anolyte.

Table S1 in the Supplementary Information presents a compilation of
Ryec, current density, and Ly reported in previous studies working with
recovery methods in ES. Our study yielded values within the range
documented in the literature. However, the ES R are much higher than
we achieved, most likely because of our system’s lower applied current
density. The reasoning for using lower current density in our approach is
to simulate realistic intensities achievable in a BES under biocompatible
conditions. Higher current densities, particularly with non-adapted an-
odes, may lead to extreme anode potentials that could damage the
biofilm. The ammonium flux through the hydrophobic membrane
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achieved by other authors is variable because it depends on the opera-
tional conditions. It ranges from 69 gN-NH4 m~2 d!, using a hydro-
phobic membrane from synthetic wastewater [44], to 1010 gN-NHZ
m~2d~}, using a gas-permeable membrane with urine [34].

However, some operational changes could improve the system’s
performance; for instance, a continuous acid replacement could be a
promising for the recovery solution to achieve a more stable ammonia
flux through the hydrophobic membrane. The pH of the catholyte could
be increased externally to make the ammonium conversion into
ammonia more favourable. And lastly, the current density could be
controlled in an ES to raise Ly and obtain a higher ammonium removal
performance. Moreover, theoretically, almost half of the energy
required to run an electrochemical cell for ammonia recovery could be
recovered as hydrogen, a plus point for ammonia recovery in these
systems [19].

3.2. Biotic experiments

We shifted from the chronopotentiometry method to a fixed applied
voltage strategy between the anode and cathode for biotic experiments.
In this approach, the anode potential for anode-respiring bacteria will
change depending on several factors, such as substrate concentration,
the applied voltage, and the type of bacteria present.

3.2.1. Ni-PP-based GDEs for ammonia recovery in BES

We started inoculating carbon felt anodes with anaerobic sludge and
used a Ni-PP-based GDE as suggested in a previous work [19]. After 14
days of operation, we saw a decrease in the cell’s performance. Due to
the high pH gradient between the catholyte (pH > 8) and the recovery
solution (pH < 2), the backflow of acidity was presumed to cause local
changes in the pH on the surface of the GDE, leading to Ni dissolution
(Fig. S3). Highly acidic recovery solution (~ 1 M H3SO4) and a high
internal recirculation rate were observed to damage the GDE and led to
the detachment of the electrodeposited Ni. The catholyte and anolyte
solutions were observed to change colour to a light green, indicating the
presence of Ni ions: Ni®™ was sporadically measured in the catholyte
with values up to 700 mg L Ni?*. The Ni detachment directly decreased
the cathodic performance. In addition, potential Ni transport through
the anode presumably hindered anodic biomass growth.

3.2.2. Optical microscopy

Fig. 4 shows SEM images of the different layers of the Ni-PP-based
GDE. The individual fibres were visibly identifiable in the pristine PP
membrane (Fig. 4A). The multi-walled carbon nanotubes (MWCNT)
entirely laminated the PP membrane, reducing the prominence of the
threads and filling the gaps (Fig. 4B). Therefore, the membrane adhered
to the MWCNT, indicating that the PVDF acted as a binding agent. The
SEM image after the electrodeposition (Fig. 4C) indicates that Ni was
successfully deposited on top of the MWCNT layer. However, the pre-
pared GDE showed signs of deterioration, as seen after 14 days of
operation (Fig. 4D). The MWCNT layer could also be visibly observed on
the GDE, conforming to the detachment of Ni from the GDE. The
backflow of the acid solution most likely caused the non-homogeneous
distribution of a Ni layer on the GDE’s surface.

EDX mapping (Fig. 4E and F) made it possible to track the stabili-
zation of the Ni layer on top of the GDE. The EDX analysis primarily
identified elemental Ni on the GDE’s surface. Further analysis of the
elemental composition showed significant chlorine, sodium, and po-
tassium residues on the GDE after the operation. The Ni on the surface of
the GDE and the chlorine from the catholyte solution most likely
precipitated as Ni chloride. In contrast, chlorine was detected in a minor
amount on GDE before the operation. The presence of other residues can
be attributed to cation transport from the anolyte through the CEM. The
formation of these precipitates is also favoured by the alkalinized
catholyte solution, which promotes the formation of deposits [36].
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Fig. 4. Top: SEM images obtained at 1.00 kX magnification. A) PP membrane, B) manual airbrushing coating MWCNT, C) GDE before operation and D) GDE after the

operation. Bottom: E) EDX results of the GDE before and F) after use.

3.2.3. Alternative cathode materials for ammonium recovery
To prevent the Ni from dissolving and to reach long-term ammonium
recovery, we tested different membrane-cathode configurations:

1) reinforcing the hydrophobic effect of the GDE by adding an addi-
tional polyethylene (PE) hydrophobic layer between GDE and acid
solution (Ni-PP-based GDE -+ PE),

2) separating the cathode from the hydrophobic membrane by using a
NF electrode and a separated PP hydrophobic membrane (NF + PP).

3) replacing Ni from the cathode by using a SS electrode and a separated
PP hydrophobic membrane (SS + PP).

Both SS and NF are known as excellent catalysts for hydrogen pro-
duction in MECs [45,46] and their commercial availability, low cost
properties, and long term stability have also been proven in literature
[47,48].

Fig. 5 displays the current density of MECs using the three different
methodologies described. As observed, the current density obtained
with SS + PP was stable for almost two months and, therefore, could be a
possible alternative for long-term operations. When it comes to NF as a
cathode, it also showed a similar and stable current density as SS. Since
ammonium migration depends on current, the increase in current led to

an increase of the ammonium removal performance.

Adding a PE layer between the GDE prevented protons penetration
from the recovery solution to the catholyte, which resulted in stable
operation for 43 days. It also presented similar current densities than
other cathode materials tested. The crystalline composition of the coated
Ni layer on the GDE, with Ni(OH),, has been widely reported to enhance
catalytic activities, thereby improving the HER during water splitting
[49,50]. No significant Ni detachment was observed from the GDE after
two months of operation probably due to protons being prevented from
penetrate. Besides this, an advantage of using GDE for ammonia re-
covery is that it obviates hydroxide and ammonia accumulation,
decreasing pH on the surface and, thus, the overpotential, and eventu-
ally improving current production [19].

In any case, the current densities obtained with biotic conditions
were much lower than in abiotic systems. Regarding Rrem and Ryec, the
Ni-PP-based GDE + PE and SS + PP presented slightly better results than
NF + PP (Table 1). The Ni-PP-based GDE + PE achieved an average Ryec
of 5.3 & 0.4 gN-NHJ d! m’z, and an Eec of 18.9 + 4.0 %. Reported
rates and efficiencies were calculated as the average of the last three
consecutive batches for each condition, during which system perfor-
mance was stable. For these batches, the NHs™ mass balance deviation
was always below 13 %. All the alternative strategies allowed higher
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Fig. 5. Current density and concentration of N-NHJ obtained for different cathode approaches.

Table 1

Average current densities, ammonium removal and recovery performance (efficiencies and rates) with different cathodic assemblies. Values represent the average of

the last three stable batches. Ryer, (ammonium removal rate); E,ep, (ammonium removal efficiency); Rye. (ammonium recovery rate); E,.. (ammonium recovery ef-
ficiency). Experimental error is standard deviation (n = 2).

Cathode material Applied voltage (V) Average Ryem Average Average Average Average current density
(§N-NH{ m2d™") Erem (%) Rrec (gN-NHj m~2d™") Erec (%) (Am™?)

SS + PP 1.2 9.3+23 31.9+1.2 5.0+ 0.2 18.1 +£ 4.2 0.31 £ 0.05

NF + PP 1.2 6.5+1.3 271+7.0 3.6t15 14.8 £ 6.7 0.27 £ 0.12

Ni-PP-based GDE + PE 1.2 9.8 £1.0 347 £5.5 53+04 18.9 £ 4.0 0.25 £+ 0.02
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current densities and longer operation times than the original Ni-PP-
based GDE, which failed after 14 days. However, the performance was
much lower than in the abiotic systems, so it was necessary to look for
better-operating conditions to approach the yields obtained abiotically.

3.2.4. Effects of applied voltages

Fig. 6 illustrates the current density obtained for the three cathode
materials at different applied voltages. Each batch was initiated with
acetate addition, indicated by the dashed lines, and the batch duration
was defined based on system performance, with acetate added again
when current began to decline. The voltage was maintained for 2
batches and the catholyte and recovery solutions were replenished after
each batch. The influence of applied voltage on current density and,
consequently, on ammonium recovery was investigated using selected
cathodic configurations. After acclimation at 1.2 V, the applied voltage
was decreased to 1.0 V and then to 0.8 V. At an applied voltage of 1.0 V,
current density with three cathode materials was only slightly decreased
and was further decreased when 0.8 V was used. During these cycles, the
CE reduced to 14 % (NF + PP), 16 % (Ni-PP-based GDE + PE) and 16 %
(SS + PP) for 0.8 V compared to 54 % (NF + PP), 48 % (Ni-PP-based
GDE + PE) and 61 % (SS + PP) for 1 V. These results suggest that a low
applied voltage affects the bioanode’s microbial activity because of the
low anode potential.

Expectedly, higher applied voltage led to higher E e, and Eye. as well
as higher Rem and Ry since higher current densities allow better
electron transfer ability. The application of high voltage provided good
conditions for the microbial community on the anode.

Although there are limited studies that have investigated the effect of
applied voltage on ammonium recovery in BES systems, one such study
by Kondaveeti et al. [51] examined ammonia removal in a dual-chamber
MEC, via a process described as simultaneous nitrification and denitri-
fication, using applied voltages ranging from 0.7 V to 1.5 V. The pro-
posed mechanism involved oxygen generation via water electrolysis at
the anode to support aerobic nitrifiers, followed by autotrophic deni-
trification at the cathode. Their results demonstrated that increasing the
applied voltage enhanced nitrification rates, with total ammonia
removal reaching 85 % at 1.5 V. This improvement was attributed to
enhanced electron transfer and stimulation of microbial activity, leading
to higher nitrification rates. This aligns with the findings in our study,

Ni+PP GDE + PE

Bioelectrochemistry 166 (2025) 109013

where the applied voltage similarly influenced the efficiency of ammo-
nium recovery, underscoring the importance of voltage in optimizing
performance in BES systems.

Following the two cycles at 1.4 V, the applied voltage was restored to
1.0 V. The current density obtained was lower than what was obtained
previously with 1.0 V for all the cathode materials tested, indicating that
the microbial community was still active even after being exposed to a
high applied voltage of 1.4 V but the materials might have been affected.
In fact, after several months of operation, the SS sheets used as the
current collectors (AISI 316) were observed to suffer from corrosion,
which is presumed to result from the anode potential reaching values
above the potential at which oxidation of the SS occurs. Electrochemical
analysis of the material (CV and CA) indicated that oxidation occurred at
potentials above 0.3 V vs Ag/AgCl (Fig. S4). The ammonium removal
and recovery exhibited a slightly rising trend with applied voltage
(Fig. 7). The lowest Rye was obtained for NF + PP at 0.8 V. The low
current density and rates obtained indicated that an applied voltage of
0.8 V was insufficient to recover ammonium. The highest Ryep, (21 gN-
NH# m~2 d~!) was obtained for SS + PP at 1.4 V mainly due to its higher
current density, which increased the cation migration. This higher Ryepy
also led to a higher Reec (17 gN-NHZ m~2d™1).

Thus, in order to determine the effect of applying a potential of 1.4 V
to the cathode materials, further research is necessary. However, it can
be concluded that a voltage of 1.4 V would be appropriate for the bio-
logical recovery of ammonium. The difference between Riem and Ryec
obtained for the cathode materials is quite noticeable (e.g., 19 % for SS
-+ PP at 1.4 V). This indicates that not all ammonium reaching the
cathode chamber is recovered, possibly due to incomplete conversion of
ammonium to ammonia caused by too low catholyte’s pH or to losses
through system leakages. To evaluate overall recovery efficiency,
ammonium mass balances were performed for each batch by comparing
the total NHa™ present in all three chambers at the start and at the end of
the batch. Deviations were below 15 %, indicating limited losses.

Due to the higher removal and recovery efficiencies, the energy
consumed per kgy removed or recovered remained lower with an
applied voltage of 1.4 V than with 1.0 V or 1.2 V, considering only the
external energy applied with the power source (Fig. 8). The lowest en-
ergy consumption of 0.34 kWh kgil removed was obtained with 0.8 V of
applied voltage with Ni-PP based GDE + PE.

SS+PP — — — Acetate addition

1.4 -

1.2 1

1.0 T

Current density / A m?

o}.sv 1{4v v

Time /d

Fig. 6. Current density obtained for different applied voltages. Dashed lines represent acetate dosages.
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In a nutshell, comparing abiotic and biotic experiments, the current
densities obtained in this study for abiotic systems are 7 times higher
than those in biotic systems. In abiotic system, the highest recovery rate
achieved was 55 gN-NHZ m~2 d~! which is almost 3 times higher than
the 17 gN-NHZ m~2 d ! obtained in the biotic setup. This high recovery
rate in the abiotic setup was achieved at expenses of applying a high
current of 75 mA, leading to an energy consumption of nearly 16 kWh
per kg of nitrogen removed. In contrast, the energy consumption in bi-
otic systems did not exceed 3 kWh per kg of nitrogen removed. While the
current generated in the biotic system is lower compared to the abiotic
system, the biotic system offers notable benefits. It requires less energy
and can harness electrons from wastewater instead of depending on the
water oxidation reaction on the anode (i.e. oxygen evolution reaction,
OER). In addition, the energy needed to recover each kg of nitrogen is
significantly lower in biotic systems (less than 4 kWh kgy! recovered)
compared to abiotic setups (nearly 26 kWh kgy' recovered), which
supports the prevailing emphasis on BES.

The energy consumption values observed in our study are competi-
tive when compared to those reported in the literature for TMCS systems
utilized for ammonium recovery. Specifically, Hou et al. [19] reported
an energy consumption of 1.61 kWh kgy! using a Ni-based GDE,
achieving a significantly higher nitrogen recovery rate (Rrec) of 36.2 gN
m~2 d~1. However, it is important to note that the duration of their
experiments was relatively brief, lasting approximately 13 days, which
may not have fully captured the long-term stability and performance of
the system. In contrast, Cerrillo et al. [32] reported an energy con-
sumption of 5 kWh kgy! and a lower nitrogen recovery rate of 6.72 gN
m 2 d~!. These variations in results highlight the lack of consensus in
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recovered. Experimental error is standard deviation (n = 2).

the literature regarding energy consumption and recovery rates for
TMCS-based ammonium recovery systems. Overall, while the energy
consumption in our study aligns with the values reported in the litera-
ture, it underscores the potential for further optimization in both ni-
trogen recovery rates and energy efficiency.

Nevertheless, the decreased current densities in biotic setups lead to
a decline in ammonium recovery rates. In order to tackle this issue,
future endeavours should focus on enhancing the current densities in
BES by optimizing several aspects like electrode materials, biofilm for-
mation, and the organic matter source. In addition, the amount of
ammonium in the feed is of utmost importance. The process of ammo-
nium recovery is specifically intended for wastewater that contains high
concentrations of NHZ. This is because higher concentrations of anolyte
(the solution on the anode side of an electrochemical cell) facilitate the
transport of NH4 via the CEM. It will be crucial to consider all of these
parameters in future studies in order to enhance ammonium recovery in
BES.

4. Conclusions

The long-term operation for bioelectrochemical ammonium recovery
using a hydrophobic membrane with different cathode materials was
demonstrated. The main conclusions of this research work are summa-
rized below:
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o It was possible to operate the electrochemical system at an intensity
of 50 mA. Even though the maximum recovery rate (55 gN-NH{ m 2
d™Y) is higher with 75 mA, severe damage was observed to GDE.
Regarding cation migration through the CEM, a higher ammonium
concentration in the anolyte favours the selective electromigration of
ammonium from the anolyte.
e When working with only Ni-PP-based GDE, the degradation of the
electrode was observed after a short period of operation.
Of the tested alternatives, the best results were obtained with SS
achieving a maximum removal rate of 21 gN-NHf m2d'at1.4 V
because of higher current density, leading to increased cation
migration.
e Higher removal and recovery efficiencies allowed for lower energy
consumption per gy removed/recovered at an applied voltage of 1.4
Vthanat1.0 Vor 1.2 V.
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