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A B S T R A C T   

Microbial electrolysis cells (MEC) have been identified as an energy efficient system for ammonium recovery 
from wastewater. However, high ammonium concentrations at the anode can have inhibitory effects. This work 
aims to determine the effects on current generation performance and active ammonia nitrogen recovery in 
wastewater containing 0.5 to 2.5 g N-NH4

+/L. The study also evaluates the effect of two cathode materials, 
stainless steel (SS-MEC) and nickel foam (NF-MEC). When the concentration of ammonium in the feed was 
increased from 0.5 to 1.5 g N-NH4

+/L the maximum current density increased from 3.2 to 3.9 A/m2, but a further 
increase to 2.5 g N-NH4

+/L inhibited the biofilm activity, decreasing the current density to 0.5 A/m2. The 
maximum ammonium removal and recovery efficiencies were 71 % and 33 % at 0.5 g N-NH4

+/L. The SS-MEC 
exhibited more energy efficient ammonium recovery compared to the NF-MEC, requiring 3.6 kWh/kgN,recov

ered at 0.5 gN-NH4+/L. The highest ammonium recovery rate of 33 gN/m2/d (1.5 gN-NH4
+/L) was obtained with 

an energy consumption of 4.5 kWh/kgN,recovered. Conversely, a lower recovery rate (10 gN/m2/d for 2.5 gN-NH4
+/ 

L) resulted in reduced energy consumption at 2.1 kWh/kgN,recovered. This highlights the inherent trade-off be
tween energy consumption and efficient ammonium recovery in the process.   

1. Introduction 

The removal of ammonium from wastewater is essential due to its 
contribution to water body eutrophication [1]. Several methods, 
including biological and physicochemical techniques such as nitrifica
tion, denitrification, ion exchange, air stripping, and membrane pro
cesses, have been employed to remove ammonium from wastewater 
[2–5]. Since ammonium is a crucial fertilizer component used in agri
culture, transitioning from mere removal to recovery is vital for estab
lishing a sustainable future [6]. Embracing a circular economy 
approach, bioelectrochemical systems (BES) stands out as a promising 
solution for directly recovering ammonium from wastewater and 
transforming it into fertilizer [7]. Over the last few years, ammonium 
recovery from wastewater by BES has been scrutinized as an alternative 
to converting ammonium to nitrogen via nitrite or nitrate [8]. 

The recovery of ammonium in BES hinges on the electrical current 

[9]. This current facilitates the movement of electrons, serving as the 
driving force to transport positively charged ammonium ions through a 
cation exchange membrane (CEM) [10,11]. Within BES, electrons are 
generated at the anode through the oxidation of organic matter by 
anode-respiring bacteria (ARB) into electrons, protons, and carbon di
oxide. Depending on the reduction reaction taking place at the cathode, 
the energy can either be harvested as electricity in the so called micro
bial fuel cells or necessitate electrical energy input to drive the reactions 
in devices known as microbial electrolysis cells (MECs) [12,13]. 

Numerous factors, including nutrients, temperature, pH, toxic com
pounds, operational conditions, reactor design, and inoculum, can in
fluence the performance of a BES. Ammonium transfer in particular 
depends significantly on the concentration gradient over the CEM. Thus, 
for profitable ammonium recovery, it is essential to treat high nitrogen 
loaded streams such as urine or reject water. However, such high con
centrations of total ammonia nitrogen (TAN) can be a challenge due to 

* Corresponding author. 
E-mail address: JuanAntonio.Baeza@uab.cat (J.A. Baeza).   

1 ORCID: 0000-0003-1290-1669.  
2 ORCID: 0000-0002-3012-7964.  
3 ORCID: 0000-0003-4812-3360.  
4 ORCID: 0000-0002-2007-2277. 

Contents lists available at ScienceDirect 

Bioelectrochemistry 

journal homepage: www.journals.elsevier.com/bioelectrochemistry 

https://doi.org/10.1016/j.bioelechem.2024.108707 
Received 29 November 2023; Received in revised form 6 April 2024; Accepted 8 April 2024   

mailto:JuanAntonio.Baeza@uab.cat
www.sciencedirect.com/science/journal/15675394
https://www.journals.elsevier.com/bioelectrochemistry
https://doi.org/10.1016/j.bioelechem.2024.108707
https://doi.org/10.1016/j.bioelechem.2024.108707
https://doi.org/10.1016/j.bioelechem.2024.108707
http://creativecommons.org/licenses/by/4.0/


Bioelectrochemistry 158 (2024) 108707

2

its toxicity [14–16]. TAN comprises two reactive nitrogen forms: 
ammonium and ammonia. The balance between these forms is deter
mined by the pKa of the ammonia/ammonium equilibrium, which is 
9.25 (at 25◦C) [7]. The toxicity issue primarily lies with ammonia, a 
factor that intensifies with higher pH and temperature levels [15]. 
Ammonia has been identified as the active component causing inhibi
tion in anaerobic biological processes [14,17–19]. Mechanisms such as 
disruption of enzymatic activity, disturbance of intracellular pH bal
ance, and dehydration due to osmotic stress are widely acknowledged as 
the inhibitory effects of ammonia [20,21]. 

Nevertheless, the inhibitory impact of TAN in BES remains unre
solved. There is ongoing debate regarding the concentration threshold at 
which TAN becomes toxic or inhibitory for ARB. This threshold value 
varies based on the specific microorganisms, operational conditions, pH, 
conductivity, and acclimation phase employed. Elevated TAN concen
trations in the influent could potentially impair the activity of ARB and 
might hinder current generation and the treatment of organic contam
inants [7]. The minimal reported TAN concentration that inhibits elec
tricity generation is 0.5 g/L in a single-chambered MFC operated in 
batch mode [19]. In certain studies, inhibitory effects were noted at TAN 
concentrations of 2.2 and 2.5 g/L [22,23]. 

However, other studies [23,24] found no inhibition at TAN con
centrations of 3.5 g/L and 3 g/L, respectively. Further research showed 
that ARB exhibited tolerance to TAN concentrations up to 4 g/L in MFCs, 
with no adverse effects [23,25–28]. Kuntke et al. [25] suggested that 
their lack of inhibition (testing TAN concentrations up to 4 g/L) might be 
due, in part, to the anolyte pH being lower than 7.1, resulting in lower 
ammonia concentrations. Interestingly, Wang et al. [28] observed no 
inhibitory effects on current generation at a TAN concentration of 4 g/L, 
despite the anodic effluent having a pH of 8. Some researchers hy
pothesize that the increase in current generation with higher TAN 
concentrations is due to enhanced conductivity [27]. Likewise, there 
was no detrimental impact on the performance of a MEC observed at a 
concentration of 5 g/L of TAN [29]. However, the performance 
decreased when the concentration was raised to 5.5 g/L. In a different 
study, no inhibitory effects were reported, even at TAN concentrations 
as high as 5.9 g/L, with an anolyte pH ranging from 7 to 7.5 [30]. 

Most of the adverse impacts of TAN concentration on current gen
eration have been observed in MFCs operating in batch mode. The lack 
of consistency across different studies regarding the TAN concentration 
threshold is likely due to factors such as pH, oxygen diffusion from the 
cathode (nitrification) to the anolyte and the use of a CEM that enables 
the transfer of ammonium ions from the anode to the cathode chamber. 
These elements can lead to TAN loss from the anolyte, potentially 
reducing TAN inhibition [22]. 

Another crucial challenge when operating BES-driven ammonium 
recovery is generating sufficient electrical current to facilitate the 
movement of ammonium ions from the anolyte to the catholyte. In 
theory, for every electron serving as an electrical current, a positively 
charged cation should be transferred from the anolyte to the catholyte 
through the CEM [31]. Hence, researchers have introduced the concept 
of the load ratio (Ln) in the literature. This ratio is used to assess the 
charge balance between electrons as current and the ammonium loading 
[32]. A Ln value greater than 1 indicates an excess of current over 
ammonium, while a Ln value below 1 suggests an excess of ammonium 
over current. A Ln of 1 signifies that the current is adequate to transport 
all the ammonium from the anodic compartment to the cathodic 
compartment, assuming ammonium is the sole cation being transported 
across the membrane. Therefore, understanding Ln is crucial for deter
mining the optimal operational threshold for the system. 

Once ammonium ions are transferred into the cathode chamber, they 
transform into ammonia molecules due to the increased pH in the 
catholyte caused by the formation of hydroxide ions on the cathode 
surface [26,33]. These ammonia molecules can then be recovered from 
the catholyte, either through stripping [34] or by employing hydro
phobic membranes [35]. In both scenarios, the ammonia can 

subsequently be absorbed in an acidic solution [6,36]. However, air 
stripping is often impractical due to the need for aeration, substantial 
energy input, and the generation of a large volume of low-value off-gas 
[8]. Stripping as the recovery method has been reported to consume 
between 17-26 kWh per kg of removed ammonium [37,38]. Conversely, 
the hydrophobic membrane recovery method, based on ammonia gas 
permeation through the membrane pores and subsequent reaction with 
an acidic solution on the other side, has a lower energy demand and 
enable a simpler ammonia recovery process compared to stripping 
methods [36]. 

Since the migration of ammonium from the anolyte to the catholyte 
is dependent on the generated current, achieving higher current is 
desirable to prevent toxicity issues. Increased current facilitates the 
removal of ammonium ions from the anolyte, resulting in lower free 
ammonia concentration. In this context, the choice of cathode materials 
assumes a critical role, as different materials exhibit diverse catalytic 
properties and electrochemical behaviours. Therefore, the cathode ma
terial can impact the current generation and the efficiency of hydrogen 
production which is essential for elevating the pH of the catholyte. The 
pH increase is vital for converting ammonium ions into ammonia, which 
can subsequently be transported to the recovery chamber through a 
hydrophobic membrane. The interplay of these factors is complex, 
underscoring the importance of studying them to assess the performance 
of ammonium fed MECs. 

Direct recovery of ammonium from municipal wastewater is often 
not economically viable due to the low nitrogen concentrations (<100 
mg/L) commonly found [39]. However, in wastewater treatment plants 
(WWTPs), part of the nitrogen is used for microbial growth in the acti
vated sludge process and then released back into the aqueous phase 
during the anaerobic digestion of the waste sludge [40]. Upon removing 
water from the digested sludge, the most concentrated nitrogen stream 
in the plant, known as reject water, is generated (with concentrations 
reaching up to 1-1.5 g/L) [41]. This reject water is usually recirculated 
back into the influent, imposing an unnecessary increase in the nitrogen 
load on WWTPs [39]. Therefore, the reject water can be considered a 
valuable stream for exploring ammonium recovery. 

Considering the background described in this introduction, hydro
phobic membranes have not been extensively studied as a method for 
ammonia recovery compared to the conventional stripping approach in 
MECs. Additionally, it is essential to confirm the adaptability of ARB to 
high ammonium concentrations before contemplating the practical 
implementation of a continuously fed MEC system treating reject water. 
Therefore, this study examines for the first time the inhibitory effects of 
ammonium on current generation and ammonium recovery in a 
continuously operated MEC with hydrophobic membrane and using 
synthetic reject water. The study also compares two different cathode 
materials: stainless steel mesh and nickel foam. 

2. Materials and methods 

2.1. BES design 

Novel tailor-made bioelectrochemical reactors were designed to 
recover ammonium as ammonium sulphate using three chamber MECs. 
Each of the two flat plate MECs (total volume 0.8 L) used had one anode 
chamber (0.4 L), one cathode chamber (0.2 L) and one recovery 
chamber (0.2 L). The cathode chamber was separated from the anode 
chamber by a CEM (CMI-7000, Membrane International, NJ) and the 
recovery chamber was separated from the cathode chamber by a hy
drophobic membrane (Tyvek (DuPont, US) with an area of 100 cm2) 
(Schematic 1). 

Two carbon brushes (75 mm length x 50 mm diameter, fibre diam
eter of 7.2 µm, Millrose Co., USA) served as the anode in the setup. Two 
different types of cathodes were tested: nickel foam (NF-MEC) (with a 
purity >99.99%, dimensions of 600/500 mm width, and porosity ≥
95%; Recemat Ni4753.016) and stainless steel (SS-MEC) mesh (304, 
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Feval filtros, Spain). Titanium wire was employed as the current 
collector. 

The anolyte was continuously circulated through the anode chamber 
at a rate of 0.5 mL/min via a peristaltic pump. Each condition (different 
ammonium concentration in the anolyte) was tested for two consecutive 
cycles, each cycle ending when the catholyte and recovery solutions 
were replaced after the ammonium concentration of the catholyte had 
remained stable for two consecutive days. 

A fixed voltage of 1.4V was applied to whole cell by a power source 
(Programmable DC LAB Power supply LABPS3005DN, Velleman Group, 
Belgium). The current intensity was digitally logged every 5 minutes by 
measuring the voltage over an external resistor (10 Ω) using a 16-bit 
data acquisition card (Advantech PCI-1716) controlled with AddCon
trol software, developed by the research group in LabWindows CVI. 

2.2. Media and chemical analysis 

The anolyte was a synthetic reject water that contained 104 mg/L 
Na2HPO4, 52 mg/L C2H5COONa, 103 NH4HCO3, 274 mg/L KHCO3, 152 
mg/L CaCO3, 231 mg/L MgCl2⋅6H2O and 1mL/L trace elements (1 g 
EDTA, 0.164 g CoCl2⋅6H2O, 0.228 g CaCl2⋅2H2O, 0.02 g H3BO3, 0.04 g 
Na2MoO4⋅2H2O, 0.002 g Na2SeO3, 0.02 g Na2WO4⋅2H2O, 0.04 g 
NiCl2⋅6H2O, 2.32 g MgCl2, 1.18 g MnCl2⋅4H2O, 0.1 g ZnCl2, 0.02 g 
CuSO4⋅5H2O and 0.02 g AlK(SO4)2). The reject water was amended with 
NH4HCO3 to obtain the targeted inlet TAN concentrations ranging from 
0.5 to 2.5 g N-NH4

+/L, along with acetate to reach a COD concentration 
of 700 mg COD/L. The concentrations were tested in ascending order. 
The catholyte solution contained 4 g/L of sodium chloride, and the re
covery solution was composed of 1% sulfuric acid. The anolyte and 
catholyte pH were measured using a pH probe (HACH pH electrode, 
Crison5233, Spain) and conductivity was measured using a conductivity 
meter (COND 8, XS Instruments, Italy). The characteristics of the anodic 
feed (ammonium concentration, pH, conductivity and calculated free 

ammonia concentrations) are presented in Table 1. 
The anode was inoculated with anaerobic sludge collected from a 

WWTP. Prior to starting experiments with different ammonium con
centrations, the MECs were operated in batch mode for 23 days without 
additional ammonium until two satisfactory cycles were achieved, after 
which the experiments were initiated. Unlike the anolyte, the catholyte 
and recovery solution were not recirculated. Throughout the experi
ments, samples were collected daily from the anolyte, catholyte, and 
recovery solution. 

The acetate concentration was analysed in the anolyte influent and 
effluent using a gas chromatograph (Agilent Technologies 7820-A) with 
a DB-FFAB column, following a method described elsewhere [42]. So
dium, potassium, and ammonium concentrations were determined using 
a Dionex DX120 ion chromatograph with AS40 autosampler, IonPac 
CS12A cation exchange column, CSRS 300 suppressor (4mm) (Thermo 
Fisher Scientific, USA), and 20 mM methanesulfonic acid as the eluent at 
a flow rate of 1 mL/min. Before analysing acetate and cation concen
trations, samples were filtered using 0.22 µm filters (PTFE syringe filters, 
VWR, Amsterdam, The Netherlands). 

2.3. Electrochemical techniques 

Cyclic voltammetry (CV) were conducted on the MECs using a 
potentiostat (Nanoelectra NEV4, Spain) to characterize the anodic bio
film. A voltage ramp ranging from 0 V to 1 V, with a scan rate of 0.005 V 
s− 1, was applied to the working electrode. This process included a 
gradual increase in potential, followed by the reversal of the scan back to 
the initial potential. All electrochemical assays were carried out in the 
experimental media. The anode was employed as the working electrode, 
while the cathode served as a counter electrode and an Ag/AgCl elec
trode (3 mol L− 1 KCl RE-1B, +210 vs. SHE, BAS Inc, Tokyo, Japan) was 
used as the reference electrode. 

2.4. Calculations 

The current density was standardized based on the projected surface 
area of the anode. The load ratio, defined as the ratio of current to 
ammonium loading, is represented by Eq. (1): 

LN =
Japplied

CNH4 N,feed⋅Qfeed⋅ F
A

(1)  

Where Japplied is the applied current density (A/m2), CNH4_N, feed is the 
NH4

+ concentration in the feed (mol/m3), Qfeed is the feed rate (m3/s), F 

Schematic 1. Conceptual diagram illustrating ammonia recovery in a three chamber MEC with an integrated recovery chamber.  

Table 1 
Conductivity, pH, and calculated free ammonia values in the anolyte for 
different inlet ammonium concentrations.  

[NH4]i (mgN/L) Conductivity (mS/cm) pH [NH3]i (mgN/L) 

500 1.53 8.03 28 
1000 1.96 7.97 50 
1500 2.95 7.87 60 
2000 3.64 8.02 118 
2500 4.61 8.13 190  
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is the Faraday constant (96485 C/mol), and A is the effective anode 
surface area (0.0075 m2). 

The ammonium removal efficiency (Erem) was calculated with Eq. 
(2), where NH4

+_N influent, anolyte is the influent concentration (g/L), and 
NH4

+_N effluent, anolyte is the effluent concentration (g/L). 

Erem(%) =
NH+

4 Ninfluent,anolyte − NH+
4 Neffluent,anolyte

NH+
4 Ninfluent,anolyte

⋅100 (2)  

The ammonium removal rate (Rrem) was calculated as ammonium 
removed from the anolyte and normalized by the CEM area with Eq. (3), 
where Va is the anolyte volume treated (L), ACEM is the CEM surface area 
(m2), and t is time (d). 

Rrem =

(
NH+

4 Ninfluent,anolyte − NH+
4 Neffluent,anolyte

)
⋅Va

ACEM ⋅t
(3)  

The ammonium recovery rate (Rrec) was calculated with Eq. (4), where 
NH4_Nfinal, recovery and NH4_N initial, recovery are the final and initial con
centrations in the recovery chamber (g/L), Vr is the recovery solution 
volume (L), and AT is the Tyvek membrane surface area (m2). 

Rrec =

(
NH+

4 Nfinal,recovery − NH+
4 Ninitial,recovery

)
⋅Vr

AT ⋅t
(4)  

The ammonium recovery efficiency (Erec) was calculated as a correlation 
between the final amount of ammonium in the recovery solution and the 
initial amount of ammonium in the anolyte (Eq. (5)). 

Erec(%) =
NH+

4 Nfinal,recovery⋅ Vr

NH+
4 N initial,anolyte⋅ Va

⋅100 (5)  

The coulombic efficiency (CE) is the proportion between electron moles 
extracted as current intensity to the total electron moles made available 
from substrate oxidation (Eq. (6)). 

CE(%) =

∫ tF
t0

I⋅dt
VL⋅bs⋅F⋅ΔC⋅ M− 1

s
⋅100 (6)  

Where t0 and tF (s) are the times before and after renewing medium, I (A) 
is current, VL (L) is the anolyte volume, bs is the number of e- transferred 
per mole of acetate, ΔC (g/L) is the difference between initial and final 
acetate concentration, and Ms (g/mol) is the molecular weight of the 
acetate. 

The energy consumption for the ammonium removal and recovery 
was calculated based on the removed ammonium and the electrical 
energy input of the MEC. 

The total energy consumption of the system was calculated as Eqs. 
(7), (8) and (9): 

W = Wcell + Wpump (7)  

Wcell = V⋅I (8)  

Wpump = 3⋅Q⋅γ⋅E⋅t/1000 (9)  

Where Wcell (kWh) represents the electric input for the system while 
Wpump (kWh) is the electric consumption of the peristaltic pumps; V 
stands for the applied voltage (V), I is the measured intensity (A), and t 
denotes the operation time while Q is flow rate (m3/s), γ is 9800 N/m3, 
and E represents the hydraulic pressure head (m) [43]. 

3. Results and discussion 

3.1. Current density 

MECs anodes were run under continuous mode to assess how mi
croorganisms adapted to high inlet ammonium concentrations. In Fig. 2, 
the current density achieved for different inlet ammonium concentra
tions and cathode materials is displayed. Current density represents the 
electric current passing through a unit cross-sectional area. Given a 
constant area, the current density illustrates the capacity of the biofilm 
to produce electrons, allowing the transfer of ammonium molecules 
from the anode chamber to the cathode chamber [44]. To preserve 
electroneutrality, one cation is transported from the anode chamber to 
the cathode chamber for every electron flowing through the external 

Fig. 2. Current density and free ammonia concentrations obtained for different influent NH4
+ concentrations and cathode materials.  
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circuit [31]. Hence, anodic ammonium removal is directly linked to 
current density, indicating the highest migration rate possible. 

Raising the influent ammonium concentration from 0.5 to 1 g N- 
NH4

+/L resulted in a slight uptick in current density, as shown in Fig. 2. 
The maximum current density rose from 2.8 to 3.4 A/m2 for NF-MEC 
and from 3.2 to 3.4 A/m2 for SS-MEC. However, a subsequent increase 
of 1.5 g N-NH4

+/L led to a plateau in current density. The highest ach
ieved current density was 4.1 A/m2 at 2 g N-NH4

+/L for the SS cathode. 
This escalation in current density with higher influent ammonium 
concentrations can be attributed to enhanced anolyte conductivity, 
which reduces the ohmic overpotentials associated with ion migration. 
The medium conductivity ranged from 1.5 to 4.6 mS/cm (from lower to 
higher ammonium concentrations). Kim et al. [24] observed a rise in 
power density correlating with a rise in conductivity ranging from 8 mS/ 
cm (84mgN/L) to 14.4 mS/cm (1000 mgN/L), attributed to higher 
ammonium concentration. However, continuous operation with 
ammonium eventually resulted in a power density plateau at 3.5gN/L, 
mirroring the observations made in this study. The highest current 
density (4.1 A/m2) was observed at 3.6 mS/cm. This result confirms that 
not only the ARB became resilient to the inhibitory stress caused by 
ammonium concentrations (up to 1.5 gN-NH4

+/L) but also improved 
their performance. 

Ledzema et al. [30] explained that microorganisms adapted to high 
ammonium concentration in a stepwise manner could become hal
oalkaliphilic and can use ammonia as a buffer, protonating it and 
reducing its adverse effects [26] as described in Eq. (10): 

CH3COO- + 4H2O + 9NH3 →2HCO-
3 + 8e- + 9NH+

4 (10)  

Upon increasing ammonium concentration in the influent to 2 g N-NH4
+/ 

L with NF-MEC and to 2.5 g N-NH4
+/L with SS-MEC, the current density 

significantly decreased to 0.5 A/m2. Despite the enhanced resilience 
provided by continuous operation in systems dealing with higher 
ammonium concentrations, there exists a threshold concentration that 
triggers an inhibitory effect related to free ammonia. Fig. 2 shows how 
the free ammonia values increased at higher influent ammonium con
centrations. In our study, the inhibitory threshold was identified in the 
range of ammonium influent concentrations of 2 g N-NH4

+/L and 2.5 g N- 
NH4

+/L. As can be observed, the value of free ammonia for NF-MEC was 
higher and it explains the higher inhibitory effect (i.e. lower current 
density) observed with this material. 

In the realm of literature, there are two predominant theories 
addressing ammonia inhibition. The first theory proposes that unionized 
ammonia directly impairs cytosolic enzyme activity, while the second 
proposes that hydrophobic molecular ammonia, upon passive diffusion 
into the cell, rapidly converts to ammonium due to the intracellular pH 
[45]. The absence of an inhibition effect at lower ammonium concen
trations in the anolyte could be ascribed to the solution having a pH 
below 7, leading to notably lower concentrations of free ammonia (up to 
5 mgN/L) (Fig. 2). In contrast, a higher inlet ammonium concentration 
of 2500 mgN/L led to significantly elevated levels of free ammonia (168 
mgN/L for SS and 188 mgN/L for NF), thereby causing inhibition. Ac
cording to our results, values of free ammonia higher than 30 mgN/L 
were deleterious for the cell activity. With rising ammonium concen
trations in the influent, the current density decreased in tandem with 
increased free ammonia concentration. In both scenarios, an increased 
ammonium concentration can hinder cellular activity. However, exist
ing research lacks consensus on the specific threshold ammonium con
centration that triggers inhibitory effects on ARB. Various factors, such 
as operational methods, influent pH, substrate concentration, and 
operating temperature have been identified as variables influencing the 
ammonium concentration threshold leading to inhibition of ARB [23]. 
Notably, real digested sewage sludge reject water typically contains an 
average of around 1 g N-NH4

+/L [41], a concentration that would not 
induce inhibition in the context of this study at the usual pH values. 

In the context of current-driven ammonium removal, load ratios 

were calculated based on the measured current generated by the anodic 
biofilm and the ammonium loading rate. Fig. 3 illustrates a clear 
downward trend between load ratio and the concentration of ammo
nium in the feed. Except for experiments featuring the lowest ammo
nium concentration (0.5 g N-NH4

+/L), the load ratio remained below 1 
across all concentrations. This aligns with findings from previous studies 
on BESs for ammonium recovery [38,46–48]. Consequently, the gener
ated current proved inadequate to transport all ammonium across the 
membrane in experiments with higher ammonium concentrations. Both 
SS-MEC and NF-MEC results indicated that lower ammonium concen
trations correlated with higher load ratios. However, to achieve greater 
ammonium recovery, increasing the Ln above 1 becomes imperative. 
This can be achieved either by enhancing the current density or by 
reducing the ammonium loading in the feed. 

The ammonium concentration examined in this study mirrors the 
typical values found in real reject water. Consequently, reducing its 
concentration would decrease the HRT, leading to an increase in the 
required reactor volume and a decrease in ammonium concentration in 
the product. A more feasible solution could involve achieving a higher 
volumetric current density. Considering that volumetric current density 
(A/m3) results from a combination of microbial activity (A/m2) and 
volumetric surface area (m2/m3), emphasis should be placed on 
fostering biofilm development and the use of anodes featuring larger 
surface areas and low overpotential. Increasing the surface area of the 
electrode is a more practical approach, leading to enhanced current 
density per volumetric area. Conversely, microbial activity, affecting 
current density, is contingent on the properties of the organic matter, 
favouring easily biodegradable substrates when aiming for higher 
intensities. 

Higher current densities were associated with increased ammonium 
concentrations in the recovery solution, with the peak concentration 
stabilizing at 3.9 g N-NH4

+/L. The lowest ammonium concentration 
tested yielded the highest load ratio, causing less ammonium to diffuse 
and migrate into the recovery solution. Consequently, this led to a 
reduced concentration in the final product of 1.1 g N-NH4

+/L. 

3.2. Removal and recovery of ammonium and acetate removal 

In BES, ammonium removal hinges on the electric current generated, 
which carries ammonium through the CEM from the anode compart
ment to the cathode compartment. The highest efficiency in removing 
ammonium from the feed was 71%, achieved with a concentration of 0.5 
g N-NH4

+/L (Fig. 4A). This efficiency stands out, being comparable to 
and even surpassing those reported in existing literature 

Fig. 3. Load ratio calculated for different ammonium concentrations in 
the feed. 
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[31,37,38,46,48,49]. Notably, the load ratio for this ammonium con
centration was nearly 1, theoretically indicating that the current density 
should be sufficient to eliminate all ammonium from the feed. However, 
the presence of other competing cations being transported across the 
CEM lowers the overall ammonium removal efficiency. Only 52.5% of 
electrons were attributed to the transfer of ammonium from the anolyte 
to the catholyte through the CEM when the concentration was 0.5 g N- 
NH4

+/L. 
Potassium and sodium ions were the main cations competing with 

ammonium for transport through the CEM due to their high concen
trations in the anodic medium. This is evidenced by the fact that, in these 
experiments, 36% of the remaining electrons were allocated to the 
transport of sodium, while 5% were dedicated to potassium. This can be 
explained by the high permselectivity of membrane CMI-7000 for these 
three cations. It underscores the importance of considering their po
tential influence on diminishing the efficiency of ammonium removal. 

Losantos et al. [34] also examined the migration of cations from the 
anolyte to assess the transport efficiency of the CEM and its implications 
for N-NH4

+ removal. According to their findings, Na+ contributed to 
nearly 50% of the positive charge balance, closely followed by NH4

+ at 
almost 40%, with K+ having very little impact. Kuntke et al. [25] also 
noted that ammonium and sodium played nearly equal roles in main
taining charge balance across the membrane, with potassium following 
behind. 

As the ammonium concentration in the feed increased, the removal 
efficiency decreased, aligning with the declining load ratio observed at 
higher ammonium concentrations. The decline in removal efficiency is 
attributed to inadequate current, preventing the effective transport of 
higher concentrations of ammonium from the anolyte to the catholyte. 
Even if the entire intensity was dedicated to ammonium transport, it 
remains insufficient to transport all the ammonium. However, this trend 
confirms that a lower load ratio indicates lower ammonium removal 

Fig. 4. Removal (A) and recovery (B) rates and efficiencies for different ammonium concentrations in the feed.  
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from the anodic compartment, as noted in previous research [32]. In 
general, the achieved ammonium removal efficiencies were notably 
high, 71% (NF-MEC) and 55% (SS-MEC) for 0.5 g N-NH4

+/L and 48% 
(SS-MEC) and 32% (NF-MEC) for 1.5g N-NH4

+/L, indicating effective 
utilization of the generated current for ammonium transport to the 
cathode. The SS-MEC demonstrated a maximum ammonium removal 
rate of 52 gN/m2/d, corresponding to an inlet ammonium concentration 
of 1.5 g N-NH4

+/L. 
In the second step of ammonium recovery, ammonia is extracted 

from the catholyte into the recovery solution using a gas-permeable 
hydrophobic membrane. The most efficient ammonium recovery 
(32%) was achieved with a feed concentration of 0.5 g N-NH4

+/L 
(Fig. 4B). The driving force for ammonia transport through the gas- 
permeable membrane was the gradient in ammonia concentration be
tween the catholyte and the recovery solution. 

The relatively low recovery efficiency was likely due to the pH of the 
catholyte. Considering the pKa of the ammonia/ammonium equilib
rium, at a pH of 9.25 roughly 50% of the ammonium exists as ammonia 
and the rest as ammonium. Since the experiments showed an average 
catholyte pH ranging from 8 to 9.5 the dominant form of ammonium/ 
ammonia fluctuated, being the ammonia gradient limited during a sig
nificant fraction of the tests. As anticipated, a less alkaline pH led to high 
ammonium concentrations in the catholyte, suggesting a limitation in 
the transport rate of ammonia between the cathode and recovery 
chamber. Even for the ammonium concentration that led to the highest 
recovery efficiency (0.5 g N-NH4

+/L), the ammonium concentration in 
the catholyte was higher (1.4 g N-NH4

+/L) than the recovery solution 
(1.1 g N-NH4

+/L). Apart from this, there is also the potential for ammonia 
loss as it may be stripped out of the chamber along with H2, leading to 
reduced efficiency and recovery rates. Therefore, not all the removed 
ammonium from the anode was recovered as ammonium sulphate. 

While this study employed batch mode for the recovery solution to 
achieve a concentrated stream of ammonium sulphate, a continuous 
flow of the recovery solution would improve removal and recovery 
outcomes by addressing mass transfer limitations and enabling lower 
ammonium concentrations in the recovery chamber. As the catholyte 
acts as an intermediate between the anolyte and the recovery solution, 
ideally, all ammonium from the anolyte should be converted to 
ammonia in the catholyte due to a high pH. A continuous feeding of the 
catholyte solution could lead to lower recovery efficiencies due to some 
ammonium ending up in the catholyte effluent, but recirculation of the 
catholyte solution could improve the mass transfer by assisting in 
maintaining the ammonium concentration low on the CEM-catholyte 
interface. 

The highest flux from the cathode to the recovery chamber reached 
33 gN/m2/d. This recovery rate surpasses those reported in similar 
studies on ammonium recovery from digested sewage sludge reject 
waters [41,50] and aligns closely with the rate documented by Hou et al. 
(36 gN/m2/d) [35]. These findings highlight that the performance of the 
examined MEC is comparable to other systems utilized for ammonium 
recovery from reject water. 

When the anolyte was fed with 2 g N-NH4
+/L of ammonium, resulting 

in the highest achieved current density, the corresponding CE reached 
86% with SS cathode. High CE (>60% in most cases) (Table 2) indicated 
that ARB efficiently oxidized acetate to generate electric current, 
thereby constraining methane production. This outcome mirrors 

findings from a prior study utilizing a MEC to treat urine, where a gas- 
permeable membrane was employed to recover ammonia from the 
catholyte. In that study [46], a CE of 78% and a COD removal of 40% 
were reported, aligning with the results observed here. 

Regarding other possible N-compounds, nitrite and nitrate were not 
detected in the anolyte effluent, as expected due to the lack of oxygen in 
the anode. Finally, acetate persisted in the anolyte effluent throughout 
all experiments, as the removal efficiency never exceeded 52%, and 
indicating that carbon source availability was not a limiting factor 
during the operation of the MECs. 

3.3. Energy efficiencies 

Electric energy calculations for both ammonium removal and re
covery were conducted for all experiments. The total energy consump
tion was determined by considering the electric input from the applied 
voltage and anolyte pumping. The resulting estimated energy con
sumption is illustrated in Fig. 5. 

Fig. 5A shows that the energy consumption for ammonium removal, 
considering both the energy from the applied voltage and pumping, was 
approximately 4 kWh/kgN. These figures are notably lower than the 
energy consumption reported in the literature for BES with an integrated 
stripping method (Table 3). While the energy consumption for ammonia 
removal via stripping significantly fluctuates with operational condi
tions, it remained higher than that observed in the present study. 
Moreover, most previous studies did not account for the energy 

Table 2 
Coulombic efficiency obtained for different inlet ammonium concentrations.  

[Inlet NH4
+] gN/L CE (%) SS-MEC CE (%) NF-MEC 

0.5 76 57 
1 73 77 
1.5 75 76 
2 86 63 
2.5 55 35  Fig. 5. Energy consumption per kgN removed (A) and kgN recovered (B).  
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expended in the stripping process; they solely focused on electric energy 
input. An exception to this was the study by Losantos et al. [34], 
reporting an energy consumption of 10.8 kWh/kgN removed. The values 
obtained in our study for energy consumed/kgN removed are at least 
50% lower than all the reported values. 

On the contrary, reported electrical consumption per recovered 
ammonium in the literature shows a significant variation ranging from 
3.8 to 40.9 kWh/kgN [37,39]. Most of these studies calculating electrical 
energy do not encompass the energy used for stripping and pumping. 
Nevertheless, the values obtained in this study fall at the lower end of 
the reported energy requirements and are competitive with the energy 
used in the Haber-Bosch process. While the specific energy consumption 
is low, it is achieved at the cost of the recovery rate. The highest ach
ieved ammonium recovery rate was 33 gN/m2/d (for 1.5 gN-NH4

+/L) 
with an associated energy consumption of 4.5 kWh/kg N recovered. 
Conversely, a lower recovery rate of 10 gN/m2/d for 2.5 gN-NH4

+/L 
resulted in a reduced energy consumption of 2.1 kWh/kg N recovered. This 
highlights the inherent trade-off between energy consumption and the 
efficiency of ammonium recovery in the process. 

Notably, only a few studies have mentioned energy consumption 
values for ammonium recovery in MECs employing hydrophobic mem
branes (without considering the energy used by pumps). The values 
obtained in this study closely align with the 5 kWh/kgN reported by 
Cerrillo et al. [51]. Hou et al. [35] managed to reduce the electrical 
energy consumption to 1.6 kWh/kgN, similar to what was obtained in 
our study for influent ammonium concentrations of 2.5 g N-NH4

+/L (2.1 
kWh/kgN for SS; 1.4 kWh/kgN for NF). However, this concentration 
proved inhibitory in our study. Another study utilizing gas-permeable 
hydrophobic tubular membranes for ammonia recovery indicated an 
energy demand of 2.5 kWh/kgN. Nevertheless, this lower energy 

demand was a result of the constantly replenished catholyte (leading to 
lower potential losses) and without considering energy used by pumps 
[46]. 

Our study analysis of pump-related energy consumption emphasizes 
its noteworthy influence on the overall energy demands, a factor often 
omitted in other research studies. However, Ward et al. [52] clarified 
that the additional energy consumption attributed to pumping could be 
considerably high on a laboratory scale (~5 kWh/kgN), primarily due to 
peristaltic pumps. Yet, due to the relatively low pressure drop on the 
diluent side, the energy needed for pumping would be notably lower on 
a larger scale, approximately on the order of 0.1 kWh/m3 compared to 
the electrochemical energy requirement. 

In summary, the energy consumption observed in this study, using 
synthetic reject water, aligns comparably with other BESs. Additionally, 
these values are lower than the combined energy requirement (25 kWh/ 
kgN) reported for nitrogen removal in activated sludge processes and 
nitrogen fixation through the Haber-Bosch method [53]. This indicates 
the promising potential of the studied technology for efficient ammo
nium recovery. 

To further minimize energy demands, emphasis should be placed on 
reducing electrochemical losses, particularly cell voltage, through 
optimization of electrode materials and minimizing the distance be
tween electrodes. Enhancing membranes would also lead to further ef
ficiency gains. Additionally, potential benefits from the produced 
hydrogen should be taken into account for ammonium recovery. The 
recovered hydrogen energy content has the potential to significantly 
decrease energy demands, or utilizing hydrogen for on-site energy needs 
can open economic opportunities for WWTPs and anaerobic digestion 
facilities, potentially offsetting some operational expenses. 

Table 3 
Comparison among different studies concerning energy consumption of different recovery methods.  

Wastewater Recovery 
method 

Inlet N-NH4
+

concentration (g/L) 
Cathode Material Voltage (V) Current density 

(A/m2) 
Energy consumption 
(kWh/kgN) 

Study 

Synthetic reject 
water 

TMCS 0.5 SS 1.4 2.2 *2.2 3.6 This 
study   

1.0   1.8 *1.8 4.5    
1.5   3.8 *2.1 4.5    
2.0   3.7 *2.1 7.8    
2.5   0.4 *0.6 2.1  

Synthetic reject 
water 

TMCS 0.5 NF 1.4 2.2 *1.8 3.5 This 
study   

1.0   1.9 *2.3 5.4    
1.5   3.3 *2.7 5.2    
2.0   2.2 *1.7 8.2    
2.5   0.2 *0.5 1.4  

Synthetic digestate Stripping 5.0 SS 3.3 11.3 *16.8 a [37] 
Digestate Stripping 2.1 SS 3.5 7.5 *26.0 a [37] 
Synthetic medium Stripping 5.0 SS 3.3 30.0 *16.8 a [38] 
Synthetic medium Stripping 2.1 SS 2.1 27.0 *6.0 a [38] 
Synthetic 

blackwater 
Stripping 1.0 GDE 0.2 2.5 *1.6 a*10.8 b [34] 

Effluent of MAP 
reactor 

TMCS 3.4 Ti plate with MMO 
coating 

0.8 1.7 0.4 [48] 

Digestate TMCS 1.5 SS Poised anode (0V at 
Ag/AgCl) 

3.6 5.0 [51] 

Synthetic TMCS 1.0 GDE 0.8 25.5 1.6 [35] 
Synthetic Stripping 1 Steel wire Poised anode (0V at 

Ag/AgCl) 
1.6 9.9a [39] 

Synthetic Stripping 0.8 Pt/C coated carbon 
cloth 

0.8 1 4.5a [54] 

Synthetic Stripping 0.8 A/C coated carbon 
cloth 

0.8 0.01 Ac 1.3a [55] 

Synthetic Stripping 2.5 SS Poised anode (-0.2V at 
Ag/AgCl) 

9.4c 3.6a [56] 

TMCS = transmembrane chemisorption, A/C = activated carbon, GDE= gas diffusion electrode, MMO= mixed metal oxide *kgN removed 
a without considering air stripping, 
b considering air stripping, 
c maximum value obtained 
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3.4. Electrochemical measurements 

Before increasing the inlet ammonium concentration, the chro
noamperometry experiments were paused to record CV curves. Fig. 6 
displays the CVs recorded at the anode for SS-MEC and NF-MEC at a scan 
rate of 5 mV/s. CV has been utilized as a non-intrusive method to 
investigate electroactive biofilms [57,58]. To mitigate the impact of any 
biological variability, varying ammonium concentrations were sub
sequentially tested in the same reactor by changing the medium between 
experiments. 

A significant contrast in electrochemical kinetics was evident at the 
highest ammonium concentrations tested (2.5 g N-NH4

+/L) in both SS- 
MEC and NF-MEC. In terms of electrochemical kinetics, SS demon
strated superior performance by delivering slightly higher intensities at 
lower potentials. This preference for SS became more pronounced at 
higher potential values. CV analyses revealed that SS-MECs could reach 
a maximum intensity of up to 0.09 A at 1 V vs. Ag/AgCl (with 2 gN-NH4

+/ 
L), while NF-MEC never surpassed 0.05 A. The differences in most vol
tammetry curves were not substantial enough to reasonably infer that 
the 3D structure of NF might have a favourable effect. 

In the SS-MEC, a clear correlation was observed between ammonium 
concentration and the oxidation potential of the active site: 0.71 V for 2 
g N-NH4

+/L, 0.76 V for 1.5 g N-NH4
+/L, 0.83 V for 1g N-NH4

+/L, and 0.88 
V for 0.5g N-NH4

+/L. Decreasing ammonium concentration led to a shift 

in the oxidation potential towards more positive values, indicating that 
extracellular electron transfer in the biofilm occurred at lower electrode 
potentials, generating higher intensity. However, when the biofilm was 
exposed to 2.5 g N-NH4

+/L, no consistent and distinctive CV curve was 
observed, suggesting possible biofilm inhibition. The change in CV 
profile for 2.5 g N-NH4

+/L of ammonium in the feed might be due to an 
increase in inactive biofilm affecting electrochemical reactions. 

In the NF-MEC, the catalytic current showed minimal change upon 
increasing the ammonium concentration up to 1.5 g N-NH4

+/L in the 
anolyte. The maximum current remained very close (0.36 A for 0.5-1 g 
N-NH4

+/L and 0.044 A for 1.5-2 g N-NH4
+/L at 1 V), indicating little 

difference in ARB activity under these conditions. Another study 
demonstrated similar CV curve intensities (0.03 A) for an inlet ammo
nium concentration of 0.9 g N-NH4

+/L, but observed a significant 
decrease (0.009 A) at a slightly higher concentration of 1.2 g N-NH4

+/L 
[45]. The catalytic current notably dropped at an ammonium concen
tration of 2 g N-NH4

+/L, indicating weakened electrocatalytic activity. 
Likewise, a distinctly different CV curve was observed at 2.5 g N-NH4

+/L, 
suggesting that ammonium concentrations could substantially impact 
ARB activity. 

4. Conclusions 

The experimental findings indicated the feasibility of applying high 
influent ammonium concentrations in a continuously fed MEC provided 
the removal is high and the pH is low enough to maintain a low free 
ammonia concentration. The recommended threshold for maximum 
ammonium in wastewater is suggested to be approximately 20-30 mg 
NH3/L. Higher concentrations induced a reduction in current genera
tion, as evidenced by cyclic voltammograms. 

The primary cation transferred from the anolyte to the catholyte was 
ammonium, accounting for 53% of electrons attributed to its transfer 
through the CEM. 

Two distinct cathode materials (SS and NF) were employed in these 
assessments. Notably, higher current densities achieved with SS resulted 
in higher removal and recovery rates, along with increased efficiencies. 
The higher current density facilitated the extraction of ammonium ions 
from the anolyte, leading to a decreased concentration of free ammonia, 
a known toxic factor for ARB. The highest ammonium removal efficiency 
was 71% obtained with 0.5 g N-NH4

+/L. 
Moreover, energy consumption was also assessed per kilogram of 

nitrogen removed and recovered for all the tested conditions. The 
maximum ammonium recovery rate achieved was 33 gN/m2/d (for 1.5 
gN-NH4

+/L) with an associated energy consumption of 4.5 kWh/kgN 
recovered. In contrast, a lower recovery rate of 10 gN/m2/d for 2.5 gN- 
NH4

+/L led to a decreased energy consumption of 2.1 kWh/kgN recov
ered. This underscores the intrinsic trade-off between energy con
sumption and effective ammonium recovery in the process. 

In this study, the current density emerged as a constraining factor for 
ammonium removal from the anolyte, as evidenced by the load ratio 
values. Except for experiments involving the lowest ammonium con
centration (0.5 g N-NH4

+/L), the load ratio stayed below 1 for all other 
concentrations indicating that current density was not high enough to 
transport all the ammonium from the anolyte to the catholyte. Con
cerning ammonium recovery, the catholyte pH was identified as the 
restricting factor for converting ammonium to ammonia. Consequently, 
maintaining a pH above 9.25 is deemed necessary to facilitate the 
improved recovery of ammonia through the hydrophobic membrane. 
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[29] P. Clauwaert, R. Tolêdo, D. Van Der Ha, R. Crab, W. Verstraete, H. Hu, K.M. Udert, 
K. Rabaey, Combining biocatalyzed electrolysis with anaerobic digestion, Water 
Sci. Technol. 57 (2008) 575–579, https://doi.org/10.2166/wst.2008.084. 

[30] P. Ledezma, J. Jermakka, J. Keller, S. Freguia, Recovering nitrogen as a solid 
without chemical dosing: bio-electroconcentration for recovery of nutrients from 
urine, Environ. Sci. Technol. Lett. 4 (2017) 119–124, https://doi.org/10.1021/acs. 
estlett.7b00024. 

[31] Y. Liu, M. Qin, S. Luo, Z. He, R. Qiao, Understanding ammonium transport in 
bioelectrochemical systems towards its recovery, Sci. Rep. 6 (2016) 22547, 
https://doi.org/10.1038/srep22547. 

[32] M. Rodríguez Arredondo, P. Kuntke, A. ter Heijne, H.V.M. Hamelers, C.J. 
N. Buisman, Load ratio determines the ammonia recovery and energy input of an 
electrochemical system, Water Res. 111 (2017) 330–337, https://doi.org/ 
10.1016/j.watres.2016.12.051. 

[33] S. Haddadi, G. Nabi-Bidhendi, N. Mehrdadi, Nitrogen removal from wastewater 
through microbial electrolysis cells and cation exchange membrane, J. Environ. 
Health Sci. Engineer. 12 (2014) 48, https://doi.org/10.1186/2052-336X-12-48. 

[34] D. Losantos, M. Aliaguilla, D. Molognoni, M. González, P. Bosch-Jimenez, 
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