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ARTICLE INFO ABSTRACT

Keywords: Ammonium recovery from wastewater is of increasing interest due to its environmental implications and po-
Ammonium recovery tential economic and energy benefits. In this study, a three-chamber bioelectrochemical system (BES) incorpo-
Bioelectrochemistry

rating nickel-based gas diffusion electrodes was operated in continuous mode, achieving high ammonium
recovery rates (47 g NHJ-N/ 'm?/d) and current densities (3.6 A/mz), with low energy requirements (~ 1.0 kWh/
kg NH4-N recovered). The established biofilms and membrane materials maintained stable performance over
extended operation (>80 d). The effects of recovery solution flow rate (40, 60 and 83 mL/d) and acid type
(sulfuric, phosphoric and nitric) on effluent quality were systematically evaluated. For each condition, the
properties of the recovered effluent regarding pH (ranging between 1 and 10) and ammonium concentration
(from 2.8 to 11.0 g NH4-N/L) were evaluated, providing a flexible platform for generating application-specific
ammonium solutions. All tested conditions delivered competitive nitrogen recovery rates (>29 g NH4-N/m?/
d), with several scenarios outperforming previous BES configurations. The recovered effluents were validated as
a nitrogen source in Komagataella phaffii fermentation, achieving 3-hydroxypropionic acid concentrations 7 %

Effluent characterization
Gas diffusion electrode
Komagataella phaffii
Microbial electrolysis cell

higher than those obtained when using a commercial ammonium source.

1. Introduction

Ammonium, a frequently found compound in industrial wastewater,
can contribute to the eutrophication of natural water sources [1]. Its
removal has been extensively studied using biological (e.g., nitrifica-
tion/denitrification) or abiotic methods, such as air stripping, precipi-
tation, or reverse osmosis. The major advantage of the latter methods is
that ammonium can be recovered rather than transformed into another
N-species. However, they are energy-intensive technologies and may
require the application of additional chemicals, hindering their envi-
ronmental sustainability [2,3]. Ammonium recovery holds both ener-
getic and economical interest, as it can be used as fertiliser, fuel, or an
efficient hydrogen carrier [4,5]. The Haber-Bosch process currently
employed for ammonium production is, nowadays, responsible for 2 %
of the world's total energy consumption and more than 1 % of global CO,
emissions [6]. Ammonium can outcompete nitrate as fertiliser and,
additionally, ammonium has a lot of interest in the biotechnological
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industry as it is commonly found as a strict requirement in several
defined media for growing microorganisms [7,8].

In recent years, bioelectrochemical systems (BES) have emerged as a
promising alternative for recovering the total ammoniacal nitrogen
(TAN) from wastewaters in the context of the circular economy [9].
Typically, in a BES, the driving force behind the ammonium transport is
the charge imbalance created by the electric current between the anode
and the cathode, which allows the transfer of positive charges through
the cationic exchange membrane (CEM) that separates the anolyte and
the catholyte [10].

In conventional electrochemical systems, the driving force for this
electron flow between both electrodes can be supplied entirely by an
external current source. However, in BES, the external energy re-
quirements are lowered due to the presence of anode-respiring bacteria
(ARB) that can oxidise organic matter using the anode as an electron
acceptor [11,12]. Thus, BES require milder conditions than conven-
tional electrochemical systems in terms of medium composition, pH, and
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Fig. 1. Scheme of the three-chamber bioelectrochemical setup for TAN recovery.

current densities compared to their abiotic counterparts [13]. These
restrictions bring a lower performance in terms of TAN transfer rates,
but, simultaneously, can vastly improve the energetic efficiency of the
process, especially if the external carbon source added as substrate is a
waste.

There are two main types of BES that enable electrochemical
ammonium recovery. In microbial fuel cells (MFCs), the cathodic reac-
tion is oxygen reduction, the electron flow from the anode to the cathode
is spontaneous, and electrical energy is produced simultaneously to the
ammonium transfer. On the other hand, when hydrogen evolution re-
action (HER) is the cathodic reaction, an external energy supply is
required and the systems are described as microbial electrolysis cells
(MECs) [14,15]. MFCs are by far the most energetically efficient system,
as they have a net energy gain at the expense of providing low currents
and low TAN recovery performances [16]. MECs provide better per-
formances at a reasonable energetic efficiency due to the moderate
external current supplied, making it the most studied configuration
[17-21]. Furthermore, MECs could compensate for the external energy
supply by recovering the hydrogen produced in the cathode [22].
Several studies treating wastewater, even at higher scales, have reported
energetic sustainability when operating in MEC configuration [23].

Key performance indices are the TAN recovery rate and also the
properties (pH and concentration) of the recovered ammonium-enriched
effluent. Moreover, the concentration gradient at both sides of the CEM
is a key parameter in the cation transfer rate between anode and cath-
ode. The transfer of ammonium can, thus, be hindered by other cations,
such as sodium or potassium [24]. Consequently, it is preferable to
remove TAN from the catholyte and accumulate it in an external vessel
to minimize the negative effects of possible concentration gradients.
Several methodologies for removing the ammonium from the catholyte
have been proposed, including using air stripping or employing a
transmembrane chemisorption process to transfer TAN to an adjacent
chamber [17,25,26].

The chemical properties of ammonium, coupled with the nature of a
dual-chamber BES, make transmembrane chemisorption an interesting

approach for TAN recovery [27]. When hydrogen is produced at the
cathode, the cathodic pH increases to very alkaline levels. Several
electrode materials based on noble and non-noble metals have been
tested [28] to drive these reactions. The latter are more suitable due to
their lower cost compared to the noble metals. Among them (e.g. cobalt,
iron or molybdenum), nickel stands out due to its balance between good
performance, low cost and high durability, while also being the most
suitable for operating in alkaline conditions as the ones found in the
catholyte. These high pH values promote the conversion of TAN into
ammonia (the pKa of ammonium is 9.25 at 25 °C). Thus, ammonia can
cross a hydrophobic membrane and reach a third chamber, commonly
filled with an acidic solution for its recovery. The recovery effluent
would be a concentrated solution of ammonium with the anion corre-
sponding to the employed acid. Besides, employing membranes to
remove the TAN from the cathode can also potentially improve the
scalability of the process by avoiding the high costs involved in aeration
during a stripping process [29]. Among other employed materials such
as polypropylene (PP) or polyvinylidene fluoride (PVDF), polytetra-
fluoroethylene (PTFE) is highly valued due to its chemical inertness,
thermal and mechanical stabilities, low permeability and electrical
insulation [30].

Despite the general focus in the literature on using the recovered
TAN mainly as fertiliser, high and pure ammonium salt effluents can be
used also as nutrient source in biotechnological processes, for instance
aiming at the production of added value compounds [29,31]. However,
most reports focus on maximizing TAN recovery values and do not
properly characterize the properties of the achieved effluent in view of
real-world applications of the collected ammonium-enriched solution.
This narrow approach to TAN recovery creates a gap between research
and the practical application of these systems.

In recent years, novel membrane assemblies combining an electrode
and a hydrophobic membrane, known as gas diffusion electrodes
(GDEs), have been studied for TAN recovery [18,32]. Due to their
ambivalent hydrophilic and hydrophobic nature, GDEs enable the
ammonium present in the catholyte to get closer to the metallic
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hydrophilic layer acting as the electrode, favouring the creation of a
local gradient of high pH, which promotes the conversion to ammonia.
The membrane assembly configuration of the GDE facilitates that
ammonia is produced in the vicinity of the hydrophobic membrane and,
hence, its transfer to the recovery chamber while preventing the inter-
ference of other cations. Moreover, GDEs employed as cathodes can be
fabricated at low cost and have been observed to repel negatively-
charged foulants, solving one of the main limitations of the trans-
membrane chemical adsorption methodology and consequently
improving the average lifetime of the hydrophobic membranes [27,33].
The aim of this study is to examine the impact of various operational
parameters on the performance of a three-chamber BES with a GDE over
extended periods. The properties of the ammonium-enriched effluent
are evaluated with the aim of maximizing ammonium recovery rate and
minimizing energetic consumption, by testing various recovery solution
compositions and flowrates. Additionally, the stability of the system is
evaluated during long-term operation without replacing the membranes
or electrodes. In order to test the validity of the recovered ammonium-
enriched effluent, several of the previous outlet streams are employed
as nutrient sources to produce 3-hydroxypropionic (3-HP) as a model
added-value compound in a Komagataella phaffii fermentation. These
results aim to demonstrate, for the first time, the production of high
added-value products using as nitrogen source custom-made ammo-
nium-enriched recovered effluents from a three-chamber BES.

2. Materials and methods
2.1. BES setup

The three-chamber bioelectrochemical systems (3C-BES, Figs. 1 and
S1) employed are similar to those used in a previous work [17,25]. In
brief, the 3C-BES were composed of three chambers, acting respectively
as anode (0.4 L), cathode (0.2 L) and recovery (0.2 L), with a cross-
sectional area of 0.01 m% A CEM (RALEX® CMH-PP 840 mm, Mega,
Czech Republic) was employed as a separator between the anolyte and
the catholyte. A PTFE and nickel-based GDE (VITO CORE®) was
employed as both cathode and separator between the catholyte and the
recovery solution. Cathodes were fabricated at VITO (Belgium) by
compressing a blend of activated carbon (AC; 70-90 wt%, Norit SX Plus,
Norit Americas Inc., TX) and PTFE binder onto a nickel mesh current
collector (#53 mesh, 330 pm opening, 150 pm wire diameter) at a
pressure of 150 bar [34]. Simultaneously, three graphite brushes (75
mm length x 50 mm diameter, fiber diameter of 7.2 pm, Millrose Co.,
USA) were employed in the anodic chamber as anodes. This chamber
was hydraulically connected to an external vessel (0.5 L) resulting in a
total anolyte volume of 0.9 L. Both the anodic and recovery chambers
had inlet and outlet ports to apply a continuous flowrate when required.
All flowrates are reported as measured on the collected effluent volumes
in time. The anolyte was continuously recycled (100 mL/min) between
the anodic chamber and the external vessel. A TEDLAR gas bag was
located on top of the recovery chamber to collect the gases (produced at
the cathode and transferred to the recovery chamber) to avoid
overpressure.

A power source (Programmable DC LAB Power supply
LABPS3005DN, Velleman Group, Belgium) was used to apply a voltage
of 1 V between anode and cathode. The measure of the voltage at both
sides of an external resistor (10 Q) located at the anodic connection was
employed to monitor the current intensity (every 10 min) thanks to a 16-
bit data acquisition card (Advantech PCI-1716) operated with Add-
Control software, developed by the GENOCOV research group in Lab-
Windows CVI [35].

2.2. Media and operation of the BES

The anolyte and the catholyte of the BES were composed of a syn-
thetic wastewater containing (per litre) 1.5 g NaHCO3, 300 mg KoHPOy4,
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100 mg MgS04-6H20 and 50 mg CaCl,. Additionally, the anolyte also
included 28.5 g/L of NH4HCOs3; which accounted to 5.1 g of NH4-N/L;
and 5 g/L of CH3COONa as ammonium and carbon sources, respectively.
On the other hand, the recovery chamber was filled with an aqueous
solution of the corresponding acid (sulfuric, phosphoric, or nitric acids)
at the concentrations stated at each experiment. To ensure replicability,
all conditions were tested in two parallel reactors.

At the start of the operation, before starting the peristaltic pumps,
each reactor vessel was filled with their corresponding solution, which
had the same composition than their reactor counterparts. The catholyte
was not added nor removed after starting the operation. Previously to
the operation, the anodes had been inoculated in the same systems with
anaerobic sludge collected at a wastewater treatment plant. During the
inoculation period, which lasted between 2 and 4 weeks, the anodic
chamber operated in batch mode with several doses of acetate (1 g/L)
and permanent high ammonium concentrations (>1 g NH4-N/L) until
consistent intensities were achieved. An individual feed condition was
maintained until a pseudo steady state was reached (between 4 and 10
days).

2.3. Chemical analysis

Ammonium was measured by employing a Dionex DX120 ion chro-
matograph with AS40 autosampler, a Dionex IonPac CS16 cation ex-
change column and 38 mM methanesulfonic acid as the eluent at a
flowrate of 1 mL/min. Anions (sulphate, phosphate and nitrate) were
monitored with an ion chromatograph as described elsewhere [36].
Both samples were previously filtered by employing a 0.22 pm PTFE
filter (VWR, Amsterdam, The Netherlands). The pH of each sample was
measured with a pH probe (HACH pH electrode, Crison5233, Spain) and
for the conductivity a conductivity meter (COND 8, XS Instruments,
Italy) was employed.

2.4. Calculations

Ammonium removal, in terms of efficiency (E;em, %, Eq. (1)) and rate
(Rrem, g NHZ -N/mz/d, Eq. (2)), refers to the amount of TAN eliminated
in the anode normalized by the anodic and cathodic effective surface
areas (0.01 mz), and was calculated as described elsewhere [17]:

+ +
NH4 - Ninlet an — NH4 - Noutlet an

100 @
NHI - Ninlet an

Erem (0/0) =

where NH — N inlet an and NH; — Noytlet an are the TAN concentrations
in the anodic inlet and the outlet (g/L).
(NHI — Nintet an — 1\]H4Jr — Noutter an) Van

Rrem = At (2)

where Vg, is the volume of anolyte treated (L), A is the electrodes pro-
jected surface area (m?) and t is the operational period of time (d).
Ammonium recovery, in terms of efficiency (Eyec, %) and rate (Ryec, g
NHJ —N/rnz/d), refers to the amount of TAN present in the recovery
effluent. Ep. (Eq. (3)) correlates the amount of ammonium collected in
the recovery solution compared to the amount removed at the anode:

NH: - Noutlet rec'vrez
(1\]H4Jr - Ninlet an — I\’H‘tJr - Noutlet an) ‘Van

Eree (%) = 100 )

where NH; — Noytlet rec is the TAN concentration in the recovery effluent
(g/L) and Vi is the volume of collected recovery solution (L).
Rrec (Eq. (4)) is the rate of ammonium recovered:

+
_ NH4 — Nouttet rec* Vrec

Rrec At

4

The global efficiency (Ego, %) combines the removal and the re-
covery and correlates the amount of ammonium recovered with the one
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Fig. 2. TAN concentration at each reactor chamber (anode inlet, anode outlet, cathode, and recovery outlet) and current density during a continuous-flow BES

operation, for each experimental period 1 to 8.

being introduced into the system through the anolyte (Eq. (5)):

Erem 'Erec
Ego(%) = 100 (5)

The current densities were also standardized by employing the pro-
jected surface areas. The voltage applied in each reactor (Vap, V) was
calculated in Eq. (6), where Vo is the voltage set up in the power
source (1 V) and Vi is the voltage lost in the 10 Q resistor (V):

Vap = Vpow - Vres (6)
The energy consumption for ammonium removal (W, kWh/kg
NH; — N) was calculated in Eq. (7):
[IVy dt
(1\11_14Jr - Ninlet an — NHZ - Noutlet an) 'Van

Wrem = (7)

where f (I-Vap)dt is the integration of the product between the monitored
intensity and the applied voltage (kWh).

Similarly, the energy consumption for ammonium recovery (Wrec,
kWh/kg NH, — N) was calculated with Eq. (8):

JIVg dt

Wie=——2-——2 =
T+
NH4 - Noudet rec'Vrec

®

The ammonium transport number through the CEM (ty, %), which
correlates the ammonium removed from the anode with the amount of
electrochemically transferred charge in the system, was calculated with
Eq. (9) [371]:

(NH;r — Nintet an — NHI — Nouttet an) Van'F
My- [Idt

tn(%) = 100 ©

where F is the Faraday constant (96,485.34 C/mol electrons), My is the
molar mass of nitrogen (14 g/mol), and [Idt is the integration of the
monitored intensity (C).

The ammonium loading ratio (Lg, %) correlates the electrical charge
through the system with the amount of ammonium input in the anodic
chamber, and was calculated with Eq. (10) [12]:

My- [Idt

Lp(%) = ———F—————='100 (10)
R( 0) 1VH4Jr 7Ninletan‘van'F

2.5. Statistical analysis

All statistical analyses were performed with GraphPad Prism 8
software. For bar figures, statistical analyses comprised a two-way
analysis of variance (ANOVA) test with a Tukey's multiple comparison
test to assess differences in the results for the different operating con-
ditions. Statistical significance was considered at p < 0.05. For boxplot
figures, statistical analyses comprised a two-way ANOVA with

Brown-Forsythe and Welch corrections to account for potential differ-
ences in variance between groups. Statistical significance was consid-
ered at p < 0.05.

2.6. Fermentation with K. phaffii

To assess the potential of BES-recovered ammonium sulphate and
ammonium phosphate as nitrogen sources, K. phaffii fermentations were
conducted targeting 3-HP production. K. phaffii strain was inoculated
from cryovial into 10 mL YPD (10 g/L yeast extract, 20 g/L peptone, 20
g/L glucose) medium in 50 mL falcon tubes. Cultures were grown
overnight at 30 °C and 180 rpm. The overnight cultures were then
diluted to an OD600 of 0.2 in 1 L shake flasks containing YNB medium
and grown in an orbital incubator for 48 h at 28 °C and 180 rpm.
Samples were taken during the experiment to measure the OD600 using
a Lange DR 3900 spectrophotometer (Hach, Loveland, CO, USA).

The yeast nitrogen base (YNB) medium used for growth contained
per litre: 2 pg of biotin, 2 pg of folic acid, 40 pg of copper sulphate, 400
g of calcium pantothenate, 400 g of niacin, 200 pg of P-aminobenzoic
acid, 400 pg of pyridoxine hydrochloride, 200 pug of riboflavin, 400 pg of
thiamine, 500 pg of boric acid, 100 pg of potassium iodide, 200 pg of
ferric chloride, 400 pg of manganese sulphate, 200 pg of sodium
molybdate, 400 pg of zinc sulphate, 2000 pg of inositol, 0.5 g of po-
tassium dihydrogen phosphate, 250 mg of magnesium sulphate, 50 mg
of sodium chloride and 50 mg of calcium chloride. YNB medium was
sterilized by filtration with a 0.2 pm pore size single-use syringe filter
(SLLGX13NK, Merck Millipore, CA, USA) before its subsequent usage.
All sets of experiments contained the same amount of ammonium con-
centration (2.5 g), which was obtained from autoclaved BES effluents.
The pH was adjusted to 5 using 5 M HCI. Each shake flask contained 100
mL of YNB medium. Each fermentation experiment was identical in all
aspects other than the nitrogen source. Methanol was used as the carbon
source. The performance was assessed by monitoring optical density,
methanol consumption, and 3-HP concentration across all conditions.

Two set of experiments were performed. In the first experiment,
duplicate shake flasks were used to test ammonium sulphate from three
different sources: controls with commercial ammonium sulphate and
BES-recovered ammonium sulphate collected at pH 2.1 and 8.8. The
second experiment followed a similar design, employing duplicates with
a 50-50 mix of ammonium from recovered ammonium sulphate and
ammonium phosphate, tested both with and without added potassium as
KCl (0.27 g), along with controls using commercial ammonium sulphate.
The final mixture pH for every experiment was manually adjusted to 5
before starting the fermentation.
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Table 1
Summary of recent studies concerning (bio)electrochemical recovery of TAN.
Treated System Cathode material Vap Current Rrem Riec Wrem Weee Study
influent w) density (g NHz- (g NH3- (kWh/kg (kWh/kg
(A/m?) N/m*  N/m?/  NH}-N) NH}-N)
d) d)
Synthetic Three-chamber BES with . 2.45 + 445 + 47.0 + 1.06 + 1.00 + .
wastewater TCMS Nickel and PTFE GDE ~ 0.75 =+ 0.05 0.54 12.0 12.5 013 0.03 This study
. . Previous
Synthetic Three-chamber BES with Stainless steel 1.4 3.8 52 33 27 45 study
wastewater TCMS
[17]

. . Previous
Synthetic Three-chamber BES with Nickel foam 1.4 3.3 35 25 2.0 5.2 study
wastewater TCMS [17]
Synthetic Three-chamber BES with Nickel and 08 3.0 e 36.2 + or 1.61 + [18]

medium TCMS polypropylene GDE ’ ’ o 1.2 o 0.03
. Poised anode (0 mV
Digestate Three-chamber BES with Stainless steel mesh vs Ag/AgCl 1.40 + 81.6 + 86.0 + [19]
8 TCMS /08 0.71 28.8 19.2 nr ot
electrode)
Synthetic Two-chamber BES with Carbon fiber and 15.8 £ 9.6 +
blackwater stripping polyethylene GDE 0.2 25+02 1.6 1.9 1.6 22 (21
Synthetic Single-chamber BES with Carbon black and
blackwater ~ TCMS and void pumping PTFE GDE 0.8 167+£2  nr 178 L 241 1321
Synthetic Two-chamber electrochemical ~ Carbon cloth and or 62.5 or 141 + o 69.2 + [39]
medium system with TCMS polypropylene GDE o ’ o 14 o 5.3
. Two-chamber electrochemical
Livestock . . p
system with TCMS and Platinum GDE n.r. 100 n.r. 770 n.r. 9.44 [26]
wastewater

stripping

TCMS: transmembrane chemisorption, n.r.: not reported.
3. Results and discussion
3.1. Bioelectrochemical ammonium recovery as ammonium sulphate

A continuous 3C-BES was operated during 8 experimental periods,
each corresponding to a different batch of anodic inlet feed (blue dots in
Fig. 2). The flowrates for the anode and recovery chambers were 100
and 83 mL/d respectively, corresponding to hydraulic retention times of
9.0 and 2.4 days. On the opposite side of the cell, a concentration of
0.187 M of sulfuric acid was used in the recovery solution. The anodic
biofilm, having been previously acclimated to high ammonium con-
centrations, was able to successfully deliver current density values
higher than 3 A/m? when the influent contained a TAN concentration of
5 g/L. When fed with acetate, the coulombic efficiency in these systems
fluctuates between 70 and 80 % [17].

The first experimental period, i.e., the start-up period, lasted 8 days.
Average removal efficiency (E;em) was 36 % while the TAN cathodic and
recovery concentrations increased. In the two subsequent periods (2 and
3), Erem increased to values higher than 70 % (Table S1) and the re-
covery rates (Rrec) escalated up to 47 and 42 g NHj -N/mz/d, which are
among the highest reported in the literature for ammonium recovery
employing BES [9]. The direct cause behind these high R;e. was the high
current intensities produced by the anodic biofilm (3-4 A/m?), which
was in the higher range among the values commonly reported for BES
employed in ammonium recovery [18,19]. The charge gradient caused
by the electron flow from anode to cathode enabled the ammonium
transport between both chambers through the CEM. Subsequently, the
pH values achieved in the cathodic vessel (9.4-10.1) promoted the
conversion of the soluble ammonium cations into ammonia, which could
cross the GDE and reach the sulfuric acid solution in the recovery
chamber.

After the third period, the system was subjected to a period of 10
days without external TAN inlet to assess the adaptation capability of
the anodic biofilm to variable anodic TAN and conductivity inlet con-
ditions. The inlet still contained enough organic matter for the exoe-
lectrogens to survive. After 4 days of operation, 83 % decrease in the
monitored intensity was observed due to the lower conductivity of the
reactor caused by the absence of TAN in the inlet. During the first three
periods, the ammonium hydrogen carbonate salt represented 93 % of

the total conductivity in synthetic wastewater (from 27 to 2 mS/cm for
the anode inlet with and without ammonium salt respectively). More-
over, it has been previously reported that the presence of TAN increases
the permeability of the bacterial membrane, maximizing the exoelec-
trogenic activity [38]. Hence, TAN presence was proven to be beneficial
for the bioelectrochemical performance. However, this positive effect
should be taken with care since high TAN concentrations are reported to
be inhibitory to biological systems. Thus, if the biofilm tolerates such
high concentrations (for instance, through a stepwise adaptation strat-
egy), increased TAN levels may enhance system performance by aug-
menting conductivity.

During the 4™ period, the system was fed again with the N-concen-
trated synthetic wastewater (7 g NH{-N/L) and the previous current
densities were recovered, revealing the resilience of the anodic biofilm.
The BES was subsequently operated during 5 additional experimental
periods, each one corresponding to a new batch of feeding solution,
achieving removal and recovery performances similar to those in pe-
riods 2 and 3.

A major outcome of this work was that the system was able to
operate under similar conditions in a long-term basis. No apparent
deterioration in the performance of each critical reactor component
(anode, GDE or CEM) was observed during the close to 90-days opera-
tion, demonstrating that both, physical materials and the biofilm, could
sustain continuous operation during long time spans.

Table 1 summarises the average steady-state performance values for
periods 3 to 8, together with the results of a parallel reactor operating
under the same conditions (Fig. S2). These performance values are
compared to our own previous values achieved with the same systems
working under a non-GDE cathodic configuration. Stainless steel (SS) or
nickel foam (NF) were used as cathode and they were coupled to an
independent hydrophobic membrane acting as separator [17]. In this
previous work, a voltage of 1.4 V was applied, notably higher than the
0.75 £ 0.05 V averaged in the selected periods of our GDE operation.
The lower voltage poised in the current study resulted only in a decrease
of 36 % and 26 % in the observed current densities compared to the
experiments with SS and NF respectively.

The loading ratio (Ly) was calculated for this period as 45 + 13 %
(Eq. (10)). This indicates that with this current density and with such
high inlet TAN load, the system can only transport approximately half of
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the entering ammonium. Higher current density values are required to
transport all the ammonium entering in the system. Similarly, the
ammonium removal performance achieved in this work resulted in high
ammonium transport number (ty) of 139 + 30 %. This high value in-
dicates that the amount of TAN transferred through the membrane to the
cathode was higher than to the number of electrons flowing from the
anode to the cathode. Thus, diffusion also played an important role in
the TAN transport through the CEM [20].

The nickel-based GDE configuration showed lower current density
that those with electrode+separator. However, Rieyy, Was 27 % higher
than that with NF electrode+separator. Nevertheless, Ryer, was still 14 %
lower than those with SS electrode+separator due to the much higher
current densities achieved in that work. In any case, the main benefit of
the nickel-based GDE configuration lays on the lower V,;, and current
density values achieved, which result in a 50 % decrease of the energy
used per kg of TAN removed (Wye,). This improvement in the energetic
efficiency could be [29] also attributed to the lower electrical resistance
offered by the CMH-PP RALEX CEM installed in this reactor compared to
the CMI-7000 (Membrane International, Membranes International, Inc.,
Ringwood, NJ, USA) used in our previous studies [10].

Table 1 shows that replacing the electrode-+separator configuration
for a GDE increased the Ry.. by 42 % and 88 % regarding the SS and NF
electrodes, respectively. While operating with GDE, the Ryey and Ryec
were found to be approximately equivalent (indicating no TAN loss/
accumulation in the system). In previous works, the E. attained in the
SS and NF systems was lower (63 % and 71 %, respectively). N-species
accumulated in the cathodic chamber and suggested that the most
limiting transport step was the hydrophobic membrane resistance be-
tween cathode and recovery chambers. On the other hand, the

application of a GDE led to a steady state where the same amount of TAN
was transported through the CEM between anode and cathode and
through the GDE between cathode and recovery. The transport of TAN
through the hydrophobic membrane is highly dependent in its conver-
sion into ammonia which is promoted at high pH [18]. The GDE
configuration (i.e. merging electrode and hydrophobic layer) promotes a
high local pH in the vicinity of the membrane and also the electro-
adsorption reaction of ammonium ions. Both aspects promoted the
conversion of ammonium into ammonia and, thus, the TAN transfer.
This bonus combination would not occur when conventional electrodes
were positioned at a certain distance from the hydrophobic membrane.
Moreover, the continuous flow in the recovery chamber can avoid the
undesired accumulation of TAN in the acidic solution. This accumula-
tion would hinder the mass transfer from the cathode to the recovery
chamber.

The Ry, values consistently achieved in this reactor, despite the long
uninterrupted operational time, are among the highest ones reported in
the literature so far for BESs recovering TAN [18,19,21]. The only BES
report with higher Rre (178 g NH{-N/m?/d) also employed a BES with a
GDE as cathode [32]. In this case, the system worked in batch mode, the
surface area was smaller (58 cm?), the recovery system employed under-
pressure conditions and both, catholyte and cathodic GDE, were
restored every 12 h. Ry are higher but some of these strategies are
difficult to be scaled-up.

Furthermore, the high rates achieved in our system while applying
relatively low voltages obtained the lowest energetic input reported,
Wiee, of 1.00 + 0.03 kWh/kg NHj -N recovered. This value is 78 % and
81 % lower than those obtained with our previous configurations with
SS and NF, respectively and much lower than those reported for other
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biological systems. On the other hand, as expected, Ry, values higher
than 100 g NHZ-N/m?/d are reported for abiotic electrochemical sys-
tems [26,39], but at the cost of requiring much higher Wy (at least 9
kWh/kg NH{-N) than the biological systems, as microorganisms are not
providing part of the required energy for the electrochemical reaction.

3.2. Effects of the sulfuric acid solution properties on the ammonium
recovery performance

Most studies on the recovery of ammonium focus on process per-
formance and may overlook the properties of the ammonium-enriched
effluent. Hence, several influent sulfuric acid flowrates and concentra-
tions were employed to assess their effects on the ammonium recovery
performance and effluent characteristics (pH and TAN concentration).
The baseline scenario, already showed in Table 1, is the combination of a
recovery flowrate of 83 mL/d and a sulfuric acid concentration of 0.187
M. Two additional flowrates (60 and 40 mL/d corresponding to 3.3 and
5.0 days of hydraulic residence time) and two additional concentrations
(0.140 and 0.093 M) were tested in two independent sets of experiments
while maintaining all the other operational conditions previously
employed (Fig. 3). For each condition, two reactors were used in par-
allel, and the results of their operation are summarized in Figs. S3 and S4
and Tables S2 and S3.

Theoretically, decreasing the recovery flowrate and the sulfuric acid
concentration should have a similar effect since less protons are entering
the recovery chamber. Decreasing the flowrate from 83 to 40 mL/d was
observed to produce a slight decrease in Eep, from 65 % to 55 %
(Fig. 3A), and in Ryem, decreasing 20 % from the baseline case (Fig. 3B).
The same trend was observed with E;e. and Rye. with small declines in
the efficiency and 27 % decrease in the rate, whereas a similar behaviour
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was seen when the concentration of sulfuric acid was decreased from
0.187 to 0.140 M. However, a sudden increase for both parameters was
achieved at the lowest concentration of 0.093 M. In any case, when
decreasing the acid concentration, the recovery efficiency and rates
decreased to 65 %, and 30 g NHZ-N/m?/d.

These results show the acidic solution characteristics may limit the
TAN recovery performance: the higher flowrate or the higher acid
concentration, the higher the removal/recovery performance. There is a
self-reinforcing cycle here: the higher the recovery, the lower the
ammonium concentration in the cathode and, thus, higher the TAN
transfer through the CEM. The best values linked to TAN recovery (Eyec,
Rrec and Wy.) were achieved when operating at 83 mL/d and 0.187 M of
sulfuric acid.

The current densities achieved in all the operating conditions oscil-
lated in the range of 2.4 and 3.5 A/m? (Fig. 3C). The potential losses
caused by the 10 Q resistance used for the current monitorization caused
a reverse correlation between the current density and the applied
voltage: the higher the current density, the lower was the voltage
applied in the system. Wi, and Wy, followed a reverse trend compared
to the ammonium transfer rates (Fig. 3D). Therefore, the lowest Wi
values were attained at the base conditions of 83 mL/d and 0.187 M of
sulfuric acid.

To characterize nature and properties of the recovered effluent at
different operating conditions, the resulting molar ratio between
ammonium and sulphate ions was calculated and represented vs. the pH
in the recovery effluent (Fig. 4). It resulted in a sigmoidal shape for the
flowrate (Fig. 4A) and the sulfuric acid experiments (Fig. 4B), which
fitted consistently the profiles expected for the theoretical titrations of
sulfuric acid employing ammonia as a titrant [40]. The pH values in the
effluent were grouped in only two main ranges: one acidic (1.1-3.4) and
one alkaline (7.2-9.5) with an abrupt pH change adopting the form of
the inflexion point of the sigmoidal shape. This abrupt change was
located around an ammonium/sulphate molar ratio of 2, which is
consistent with the neutralization stoichiometry of sulfuric acid (each
molecule requires two molecules of ammonia).

Fig. 5 shows the distribution of pH and ammonium concentrations
achieved in the effluent at different sulfuric acid solution flowrates
(Fig. 5A) and concentrations (Fig. 5B). The default parameters of 83 mL/
d and 0.187 M of sulfuric acid were the tested condition with the highest
recovery capability, achieved the most acidic conditions in the effluent,
with 75 % of the datapoints lower than 2.9 of pH.

An increase in pH was observed when the flowrate decreased, being
half of the values higher than 8.7 at 40 mL/d. Concomitantly, an in-
crease in average pH was also observed at both concentrations lower
than 0.187 M. These observations were consistent since the amount of
inlet acidity correlates with the amount of ammonia molecules that can
be converted into ammonium before pH rises.

Simultaneously, the ammonium concentrations increased at lower



D. Fernandez-Verdejo et al.

A

BN Removal EE Recovery EE Global
200 |
,Phosphoric i Nitric acid
a acid '
150 ioc c
E c'
% b* b |
< 100~ | .
w afla" alf - b" b @b |
a" :
50 a
0 i
SN ©
N X P
Q- Q- Q- Q- Q N
C B Current Density H8 Applied Voltage
5_ ! '10
. Phosphoric : Nitric acid
€ 4 acid i c Plos
< a bd Tailb ¢
2 34
/2] '
c 1
) 1
O 24 : - 0.4
€ 5
g z
5 1 a [02
o s
0- - - 0.0

Chemical Engineering Journal 528 (2026) 172380

BN Removal EE Recovery

60— . ]
Phosphoric a ; b Nitric acid
- a' acid ., b b’ b'
o a a . 0 b
q | b
g 40 a a' E
z ]
+' E
<t il
% E
= 207
o |
0 i
SN
N P VP
0. Q. Q. Q. Q. \.
D Il Removal EE Recovery
2.5 ]
a Phosphoric : Nitric acid
= 20 amdl ' b’
+'v a a c b
T . b : b ¢ b
Z 154 2 b | : 5
o :
B 1
£ 1.0 t
= |
< '
= 0.5
0.0 :
©
)
N

Fig. 6. Summary of the Erem, Erec (A), Rrem, Rrec (B), current density, Vap (C), Wrem and Weee (D) values with phosphoric and nitric acid in the recovery solution.
Colour bars represent average values of all the selected experimental periods, error bars represent the standard deviation and different letters above bars indicate
significant differences among each acid concentration according to Tukey's test (p < 0.05). The number of selected experimental periods for each condition was:
H3PO4 — 0.096 M = 2, H3PO4 — 0.192 M = 6, H3PO4 — 0.287 M = 6, HNO3 — 1.200 M = 6, HNO3 — 0.720 M = 6 and HNO3 — 0.240 M = 6.

recovery flowrates, going from 5.5 to 8.2 g NH4-N/L at flowrates of 83
and 40 mL/d respectively since the lower flowrate, the more concen-
trated the effluent. A decline in ammonium concentration was observed
at lower sulfuric acid concentrations, reaching a median value of 3.2 at
the minimum concentration of 0.093 M. This finding corroborates that
sulfuric acid concentration is a limiting factor for reaching high effluent
TAN concentrations.

Moreover, these results show that flowrate and the inlet acid con-
centration can be manipulated to control either the effluent TAN con-
centration or pH. These conditions can benefit the application of the
effluent as a sustainable nitrogen source for industrial biotechnological
applications, avoiding possible inhibitions caused by high TAN con-
centrations or too alkaline conditions [8]. At an industrial level, con-
trolling the recovery flowrate seems a more efficient approach for tuning
the effluent TAN concentration rather than switching the acid
concentration.

3.3. Effect of alternative acids in the recovered ammonium effluent

Sulfuric acid is a diprotic acid (pKa; = —3.00 and pKay = 1.92) and
has given successful results as a recovery agent. Phosphoric (pKa; =
2.15, pKay = 7.20 and pKag = 12.38) and nitric (pKa = —1.30) acids
were studied as alternatives for being triprotic and monoprotic acids
respectively. Besides that, phosphate and nitrate are anions frequently
present in microbiological culture media, which broadens the range of
applications for the recovered ammonium [41,42].

Figs. 6, S5 and S6 and Tables S4 and S5 show the results obtained at

different acid concentrations at a fixed recovery flowrate of 83 mL/d.
Eec comprised between 50 and 70 % (Fig. 6A) similar to the results with
sulfuric acid. Moreover, a positive correlation between the acid con-
centration and Ryec (Fig. 6B) corroborates that the ammonium assimi-
lation capability of the recovery solution is a key performance
parameter. The unexpected increase in recovery rate of the lowest
phosphoric acid concentration tested, coupled to its surprisingly high
recovery efficiency value (147 + 15 %), can be explained by a possible
absence of steady state in the system for this specific experiment.

All the Ry, were comprised between 30 and 50 g NHZ-N/m?/d, in
the range of those obtained with sulfuric acid. Regarding the nitric acid
Rrec, there was no noticeable increase between the two highest con-
centrations tested (0.720 and 1.200 M) suggesting that the increase of
the recovery assimilation capability can improve the ammonium
transfer through the GDE up to a maximum value. Then, the system is
limited by other step (i.e. ammonium transfer between anode and
cathode or ammonium diffusion through the non-mixed catholyte).

Fig. 6C and D show that the current densities were maintained be-
tween 2.7 and 3.6 A/m? and the energy consumption values were
comprised between 1.2 and 1.6 kWh/kg NHj-N recovered, which are
similar values than those with sulfuric acid. Nevertheless, the lowest
value of 1 kWh/kg NHJ-N (0.187 M sulfuric acid) could not be achieved,
remaining as the most energetically efficient configuration among the
ones tested in this work. Fig. 7 shows the representation of the effluent
pH values vs. the molar ratios between ammonium and the recovery
agent (i.e. phosphoric or nitric acid). Regarding phosphoric acid, a clear
agreement with the theoretical profile was observed (Fig. 7A). Being a
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triprotic acid, the pH values adopted a broader dispersion in all the scale
than in the case of sulfuric acid. The pH data was mainly observed in a
small acidic range (1.4-3.2) and in a broader one located in the neutral/
basic region (4.9-9.4), being the region between pH 3 and 5 the one with
least data points. The maximum pH values were achieved from a ratio of
3 onwards when all phosphoric acid protons had reacted with the
ammonia crossing the GDE. Fig. 8 shows the dispersion of the recovery
parameters for each of the experiments. The dispersion of pH data for
the phosphoric acid (Fig. 8A) shows a high prevalence of the
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intermediate areas (4-7) for the two highest phosphoric concentrations.
The phosphoric acid concentration of 0.096 M resulted in pH values
higher than 9.1 with a low dispersion. Overall, phosphoric acid is a more
suitable recovery agent than sulfuric acid when the targeted pH needs to
be comprised in the slightly acidic or neutral range and, thus, it would
avoid an intensive pH adjustment as post-treatment.

Fig. 7B shows the results with nitric acid as recovery agent, where a
higher split of pH was observed. The effluent datapoints were mainly
located at pH lower than 1.5 when the molar ratio was lower than 1 in
agreement with the number of protons present in the nitric molecule.
However, a sudden increase to pH above 8 was observed once this ratio
was exceeded. A high dispersion can be observed in the boxplots
(Fig. 8B), particularly at 0.72 M. More than 75 % of the values were
located at pH <1.3 at the highest nitric acid concentration, while the
same percentage was located at pH >9.1 at the lowest one. In short,
intermediate concentrations of recovery agent should be avoided when
employing a monoprotic acid if a certain range of pH is targeted.

The recovered TAN slightly decreased at lower recovery agent con-
centrations (Fig. 8A and B), except for phosphoric acid at 0.96 M.
Nevertheless, in most cases, effluent TAN was mainly comprised be-
tween 3 and 6 g NH4-N/L. These values are lower than those obtained at
low recovery agent flowrate (i.e. 8-9 g/L, see previous section). Hence,
recovery agent flowrate as a manipulated parameter allows to fix either
an effluent pH range or its TAN composition, whereas manipulating the
recovery agent concentration will affect only the pH, with minor effects
on TAN concentration.

Finally, the selection of the recovery agent should be based on its
number of protons and its pKa values to obtain the desired effluent pH
ranges. Combining all three design aspects, this work shows for the first
time how to obtain custom-made ammonium-enriched effluents suitable
for a wide variety of requirements.

3.4. Exploring the potential of recovered ammonium for 3-HP production
via K. phaffii

As an example of the possible industrial application of the bio-
electrochemically recovered TAN, this study also validates its utilisation
as a nitrogen source for the microbial production of 3-HP via K. phaffii
fermentation, a leading eukaryotic host organism for bioproducts over
the last decade [43]. Recognized by the US Department of Energy (DOE)
in 2004 and 2010 as a top value-added chemical from biomass, 3-HP is a
vital building block for the production of commodity and specialty
chemicals, including 1,3-propanediol, acrylamide, acrylic acid, and
methyl acrylate [44].

The suitability of the recovered ammonium sulphate was compared
to that of commercially available ammonium sulphate, a traditional
nitrogen source in fermentation processes (Fig. 9). Employing the BESs
described in this work, experimental tests were conducted achieving
effluent pH levels of 2.1 and 8.8, which possessed ammonium to sul-
phate molar ratios of 2.9 and 3.2, respectively. In all the subsequent
fermentations with K. phaffii, the pH of the employed effluent was
adjusted to 5, and consistent initial ammonium concentrations were
maintained across all experiments to ensure a stable nitrogen supply,
essential for optimal microbial growth. On the other hand, sulphate
concentrations varied according to the ratio of the collected sample. For
comparison, the commercial ammonium sulphate control had the ex-
pected stoichiometric ratio of 2.

Comparable growth (optical density) and 3-HP production were
observed across all conditions (Fig. 9). Flasks with ammonium sulphate
recovered at pH = 6 produced 0.431 + 0.04 g/L of 3-HP after 48 h, while
those at pH = 2 produced 0.388 + 0.057 g/L, and commercial ammo-
nium sulphate yielded 0.401 + 0.025 g/L. The variation in production
was within an 8 % margin, demonstrating that recovered ammonium
from BES is comparable to the commercial alternative and can be suc-
cessfully integrated into the fermentation process.

Minimal media, such as YNB, are commonly employed for screening
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microbial fermentation, providing insights into growth and basic
metabolic functions [45]. While K. phaffii demonstrated good growth
and 3-HP production using BES effluents with ammonium sulphate in
YNB medium, switching to a more suitable growth medium with added
nutrients is likely to enhance 3-HP production significantly. The pH in
these experiments was adjusted to 5, which is optimal and widely used
for K. phaffii, although the yeast can also thrive within a pH range of 3 to
7 [46]. Consequently, ammonium sulphate recovered from BES at
neutral pH can be directly utilized with K. phaffii, offering flexibility for
integration into microbial processes. This eliminates the need for pH
adjustments, streamlining the overall procedure.

In the YNB medium, sulphate is the most abundant anion at 0.021
mol/L (2017 mg/L), followed by phosphate at 0.004 mol/L (380 mg/L).
Since we have demonstrated that ammonium can be recovered together
with different anions, including ammonium phosphate, we also aimed to
substitute phosphate to optimize nutrient integration in the fermenta-
tion process. We employed a mixture of two different effluents derived
from our bioelectrochemical cells to replace the essential nutrients
ammonium, phosphate, and sulphate during the fermentation process,
while maintaining the requisite concentration of ammonium for optimal
growth. Given that phosphorus was supplied as potassium phosphate in
the original YNB composition, we also investigated the necessity of
incorporating an additional source of potassium to support cellular
functions.

As demonstrated in Fig. 10, the combination of ammonium phos-
phate and ammonium sulphate effectively supported the growth and

10

production of 3-HP in K. phaffii, yielding results comparable to com-
mercial ammonium sulphate and potassium phosphate. However, the
absence of potassium resulted in reduced growth and lower 3-HP pro-
duction (0.413 g/L), underscoring the essential role of this element in
optimizing metabolic performance. Notably, when supplemented with
potassium chloride (KCl), this mixture achieved a 3-HP yield of 0.495 g/
L after 48 h, closely matching the 0.494 g/L from commercial sources.

These findings highlight the high purity of recovered ammonium (99
% purity compared to other undesired ions such as sodium, nitrite, and
chloride transferred from the catholyte) from the BES, ensuring
compatibility with microbial growth and maintaining fermentation ef-
ficiency. Furthermore, this research demonstrates that ammonium
recovered from BES can serve as a sustainable alternative to commercial
nitrogen sources without compromising fermentation outcomes.

The results shown is this work open exciting avenues for integrating
bioelectrochemically recovered ammonium into the current industrial
context. Future studies should focus on the scalability of BES. Several
aspects need to be carefully studied to assess the suitability of these
systems at larger scales, such as reactor configuration; the ratio between
volume and cross-sectional area; the electrode/membrane cost optimi-
zation, and the management of high volumes of the recovery acidic
solution. Moreover, a thorough life-cycle assessment should be con-
ducted, paying particular attention to the environmental advantages of
incorporating recovered compounds from BES into various industrial
processes to enhance the sustainability of bioprocessing.
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4. Conclusions

The integration of a nickel-based GDE into a three-chamber,
continuous-flow BES has proven to be a robust and efficient strategy
for long-term ammonium recovery from wastewater. Consistently high
ammonium removal and recovery rates, up to 47 g NH{-N/m?/d, were
achieved while maintaining low energy consumption (~1.0 kWh/kg
NHZ-N recovered) over prolonged operation. Systematic variation of
recovery agent (nitric, phosphoric and sulfuric acids) concentration, and
flow rate established effluent pH ranges (1—10) and ammonium con-
centrations (2.8-11.0 g NHZ-N/L) suitable for diverse applications. The
results highlight a flexible and scalable framework for producing
application-specific ammonium solutions, advancing the prospects for
customizable, energy-efficient, and sustainable nitrogen recovery in
wastewater treatment.
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