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Traditional bioelectrochemical systems (BESs) coupled with stripping units for ammonia recovery suffer
from an insufficient supply of electron acceptors due to the low solubility of oxygen. In this study, we
proposed a novel strategy to efficiently transport the oxidizing equivalent provided at the stripping unit
to the cathode by introducing a highly soluble electron mediator (EM) into the catholyte. To validate this
strategy, we developed a new kind of iron complex system (tartrate-EDTA-Fe) as the EM. EDTA-Fe
contributed to the redox property with a midpoint potential of �0.075 V (vs. standard hydrogen elec-
trode, SHE) at pH 10, whereas tartrate acted as a stabilizer to avoid iron precipitation under alkaline
conditions. At a ratio of the catholyte recirculation rate to the anolyte flow rate (RC-A) of 12, the NH4

þ-N
recovery rate in the system with 50mM tartrate-EDTA-Fe complex reached 6.9± 0.2 g Nm�2 d�1,
approximately 3.8 times higher than that in the non-EM control. With the help of the complex, our
system showed an NH4

þ-N recovery performance comparable to that previously reported but with an
extremely low RC-A (0.5 vs. 288). The strategy proposed here may guide the future of ammonia recovery
BES scale-up because the introduction of an EM allows aeration to be performed only at the stripping
unit instead of at every cathode, which is beneficial for the system design due to its simplicity and
reliability.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, bioelectrochemical systems (BESs) have been
widely studied in fields in which “clean products”, including elec-
tricity, biogas (CH4 and H2) [1], and industrial and agricultural
materials, are recovered. Nitrogen is one of the key nutrients and
contaminants in diverse types of wastewaters [2], such as domestic
wastewater, industrial wastewater, urine, manure, digestate, reject
water, black water, and landfill leachate. A high concentration of
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ammonia nitrogen can be effectively recovered using a BES coupled
with a recovery unit (e.g., stripping and membrane-based absorp-
tion). In this integrated system, ammonium ions are transported
from the anode chamber to the cathode chamber via current-
driven migration [3,4] and then converted to free ammonia under
high pH conditions in the cathode chamber [5e7]. With the assis-
tance of the recovery unit, free ammonia can be finally recovered as
a high-purity ammonium salt [8e10]. Compared to traditional
ammonia recovery techniques, BESs are considered to be more
sustainable and cost effective because they do not require chemical
additives and consume less or even produce energy.

The separation of free ammonia from the catholyte in an early
BES for ammonia recovery was performed by direct stripping in a
cathode chamber [11]. In this system, aeration not only provided
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oxygen for the cathodic reaction but also acted as a source of
stripping gas. Subsequently, the system was further improved by
integrating the cathode chamber with an individual stripping col-
umn by recirculating the catholyte [3,12], which therefore resulted
in a much higher stripping efficiency (over 90%) [13]. Notably, if the
aeration point is moved from the cathode chamber to the stripping
column, the ammonia recovery rate would be limited if catholyte
recirculation is not performed at a sufficiently high rate to provide
sufficient dissolved oxygen (DO). However, because the water sol-
ubility of oxygen is very poor (~8mg L�1), the ratio of the catholyte
recirculation rate to the flow rate of ammonium-containing
wastewater is likely far from acceptable in practice. For example,
to remove 1 g NH4

þ-N L�1 at the anode, this ratio has to be at least
70, even assuming 100% current efficiency for ammonium migra-
tion from the anode chamber to the cathode chamber. Additionally,
the high-strength recirculation rate leads to a high flow rate of the
stripping gas and therefore increases the capital and operation
costs of the entire stripping-absorption system. Although adding
another aeration point in the cathode chamber could be a solution,
this strategy can complicate the system design because the
ammonia-containing gas leaving the cathode chambermust also be
connected to the absorption system through a well-sealed tubing
network. This might not be a major issue for lab-scale systems,
which usually have only one cathode chamber. Regarding the sys-
tem scale-up for engineering applications, there could be hundreds
or even more cathode chambers due to the commonly employed
stack and modularization design for BESs [14,15]. Performing
aeration and collecting the gas at every single cathode chamber is
costly and unreliable.

Here, we propose a novel strategy in which a certain readily
soluble electron mediator (EM) is introduced into the catholyte
(schematically illustrated in Fig. 1). The principle of this strategy is
that the oxidized EM is converted to its reduced form at the cath-
ode, producing a current and driving ammonium transportation.
The reduced EM is then reoxidized by air in the stripping column,
where the separation of ammonia occurs simultaneously. Because
the EM is highly soluble, the oxidized EM could provide a much
higher concentration of the oxidizing equivalent for the cathodic
reaction compared to DO. Therefore, a high ammonia recovery rate
would be achieved at a much lower catholyte recirculation rate. To
achieve this goal, the selected EM is expected to have the following
properties: (i) the solubility of the EM should be at least 2 orders of
magnitude higher than that of DO, (ii) the reduction potential of the
oxidized EM under alkaline conditions (i.e., free ammonia needs to
Fig. 1. Schematic diagram of the proposed ammonia recovery st
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be predominant in the total ammonia at pH¼ 10 as an example)
should be more positive than the bioanode potential to allow
spontaneous current generation, (iii) the reduced EM generated at
the cathode can be readily oxidized back to its oxidized form by
oxygen, (iv) the EM should be stable under alkaline conditions and
not diffuse into the anode chamber, and (v) the EM should be
readily accessible and inexpensive.

In this proof-of-concept work, the proposed system, which is
shown in Fig. 2, was simplified by constructing the BES as aminimal
unit (one anode chamber coupled with one cathode chamber).
EDTA-Fe(III)/Fe(II) was selected as a model EM because the prop-
erties of this redox couple (as shown in Table 1) [16e19] likely meet
most of the requirements mentioned above. Moreover, previous
BES studies showed that under electron acceptor nonlimiting
conditions, using EDTA-Fe(III) as an electron acceptor at a graphite
electrode (which is inexpensive because a noble metal catalyst is
not used) could generate a higher current than using oxygen,
suggesting its superior dynamic performance [18]. To improve the
stability of EDTA-Fe(III) under alkaline conditions, tartrate, which is
known to form a stable iron chelate at pH values of up to 11, could
be introduced [20].

The aims of this study are to (i) explore the stability and redox
behavior of the tartrate-EDTA-Fe complex under alkaline condi-
tions and (ii) demonstrate that the employment of tartrate-EDTA-
Fe in the catholyte could promote ammonia recovery and reduce
the recirculation rate of the catholyte with only one aeration point
in the stripping column. This study sheds light on the scale-up of
ammonia recovery BESs with a much simpler system design.
2. Materials and methods

2.1. Setup of the ammonia recovery system and the design of
different cathode modes

The ammonia nitrogen recovery system consisted of a two-
chamber bioelectrochemical system (120mL working volume for
the anode chamber, 180mL working volume for the cathode
chamber) and an ammonia stripping-absorption unit. The anode
and cathode chambers were separated by a cation exchange
membrane (CEM, 12 cm� 8 cm; CMI-7000, Membranes Interna-
tional, USA). Four custom-made carbon brushes (height 10 cm,
diameter 2 cm) [21] were employed and connected in parallel to
form the anode, and another four were used as the cathode in the
same way. The anode and cathode were connected to a 10U
rategy with an electron mediator (EM)-amended catholyte.



Fig. 2. Schematic diagram of the ammonia recovery systems with different cathode
modes in this work: a, SEM-1A; b, SNonEM-1A; c, SNonEM-2A.
Abbreviations: EM and NonEM refer to the presence and absence of an electron
mediator in the catholyte. 1A refers to one aeration point in the stripping column, and
2A refers to two aeration points in the stripping column and cathode chamber.
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resistance in series, which was used to monitor the current. Two
Ag/AgCl reference electrodes (saturated KCl, 197mV vs. standard
hydrogen electrode, SHE) were placed in the anode and cathode
chambers to measure the corresponding electrode potentials. The
BES was equipped with a multichannel data logger (Model 2700,
Keithley Instruments Inc., USA) to record the output current and
electrode potentials. The ammonia stripping-absorption unit
3

consisted of one stripping column (height 0.8m, diameter 0.04m)
filled with pall rings (packing height 0.3m) and one absorption
bottle filled with 500mL 0.5MH2SO4. The diameter, height and
thickness of each pall ring were 16mm, 16mm, and 1.1mm,
respectively. The gaseliquid ratio in the stripping column (ratio of
the aeration flow rate to the catholyte recirculation rate) was set to
500.

To better understand the role of tartrate-EDTA-Fe in enhancing
ammonia removal and recovery, three different cathode modes
were designed and are illustrated in Fig. 2. Fig. 2a shows the BES
reactor coupled with the ammonia stripping-absorption unit via
the recirculation of the tartrate-EDTA-Fe-amended catholyte be-
tween the cathode chamber and stripping column. In this case, just
one aeration point was placed at the bottom of the stripping col-
umn. The setup with this kind of cathode modewas denoted SEM-1A
(reactor with electron mediator and 1-point aeration). The control,
SNonEM-1A, had the same setup as SEM-1A but only used the NaCl
catholyte without the EM (Fig. 2b). Another control without the EM
was employed, but it was modified by adding a second aeration
point to the cathode chamber to ensure a sufficient oxygen supply
for the cathodic reaction (SNonEM-2A). Because aeration in the
cathode chamber can also remove ammonia from the catholyte, an
additional gas collection tube was used to connect the head space
of the cathode chamber to the absorption bottle (Fig. 2c).

2.2. Operations of the ammonia recovery systems

Three BES reactors were started up in parallel in the cathode
mode SNonEM-1A. The effluent of a steady-operated microbial fuel
cell that was fed acetate was employed as the inoculum and was
volumetrically (1:1) mixed with synthetic ammonium wastewater
(50mM PBS, 1700mg L�1 sodium acetate, 450mg L�1 NH4

þ-N,
10mL L�1 Wolf's mineral and 10mL L�1 vitamin solution), and the
mixture was continuously fed into the anode chamber of the BES
reactors at a flow rate of 10mL h�1. A 50mM NaCl solution was
used as the catholyte, which continuously recirculated between the
cathode chamber and the stripping column. The ratio of the cath-
olyte recirculation rate to the anolyte flow rate (RC-A) was set to 12.
The aeration flow rate was set to 1 Lmin�1. After two days of
operation, the anode feed was switched to the synthetic ammo-
nium wastewater alone. When a stable output current was
observed for a few days, the start-up of the BES was considered to
be finished.

Subsequently, the operation of one of the three reactors was
kept in the cathodemode SNonEM-1A, whereas the other two reactors
were switched to the cathode modes SEM-1A and SNonEM-2A. The
catholytes of SNonEM-1A and SNonEM-2A were renewed by a 50mM
NaCl solution, whereas that of SEM-1A was replaced by a 50mM
tartrate-EDTA-Fe solution. For SNonEM-2A, the aeration flow rates in
the stripping column and in the cathode chamber were set to
1 Lmin�1 and 0.2 Lmin�1, respectively. Synthetic ammonium
wastewater was fed into the anode chamber at an identical flow
rate of 10mL h�1 in all the systems. First, the ammonium removal
and recovery performances of the reactors with different cathode
modes were compared by setting RC-A to 12.0 for each reactor. Then,
the performance of SEM-1A was further investigated by varying RC-A

(0.5, 1.0, and 6.0). All of the experiments mentioned above were
conducted at room temperature.

2.3. Cyclic voltammetry

The redox reversibility of tartrate-EDTA-Fewas characterized by
cyclic voltammetry (CV) in a standard three-electrode electrolytic
cell system. The working, counter and reference electrodes were
glassy carbon, platinumwire mesh (10mm� 10mm), and Ag/AgCl



Table 1
Properties of EDTA-Fe.

Properties Notes References

Water solubility Up to 200mM, which is about three orders of magnitude higher than that of oxygen [16]
Redox potential 52mV at pH 8 with a negative shift of 44mV pH�1 under alkaline conditions [17]
Oxidation rate with oxygen The reduced form is readily oxidized to its oxidized form by oxygen under alkaline conditions [18]
Stability under alkaline conditions Not stable and tends to form a hydroxy Fe precipitate [18]
Accessibility and cost Widely used in diverse industries and low cost (approximately $1.05a per mol) [19]

a: Price is available at www.alibaba.com (accessed on Feb. 19th, 2022).
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electrodes, respectively. The glassy carbon electrode was polished
with Al2O3 before use, and then the electrode polishing degree was
tested with a 5mM potassium ferricyanide and 0.2M potassium
chloride mixed solution [22]. The potential windows
were �1.0e0.6 V (vs. Ag/AgCl) and �1.2e0.4 V under neutral and
alkaline conditions, respectively. All CV tests were conducted at a
scan rate of 5.0mV s�1 using a potentiostat (model-660D, CHI In-
struments Inc., Shanghai, China).

2.4. Chemical analysis

The anolyte and catholyte samples were collected and filtered
through filters (0.45 mm) before measurement. The ammonia ni-
trogen concentration was analyzed using the Nessler reagent
colorimetry method [23]. The chemical oxygen demand (COD) was
determined using a HACH rapid test reagent tube (High range,
20e1500mg L�1) with a HACH spectrophotometer (DR6000, HACH,
USA). The dissolved iron concentration was detected with induc-
tively coupled plasma optical emission spectroscopy (OPTIMA
8300, PerkinElmer Co., USA). Dissolved oxygen (DO) was deter-
mined using a portable multiparameter measuring instrument
(Multi 3420, WTW, Germany).

2.5. Calculations

Relevant calculations are described in Text S1.

3. Results and discussion

3.1. Alkaline stability and redox behavior of the tartrate-EDTA-Fe
complex

The alkaline stability of tartrate-EDTA-Fe was investigated with
different molar ratios of tartrate to EDTA-Fe (0, 0.2, 0.25, 0.3, 0.5,
and 1.0) at pH 10. In the absence of tartrate, Fe loss was detected
during the 2-min solution preparation (Fig. 3a), and the turbidity
was directly observed during the EDTA-Fe preparation process. In
contrast, the measured total dissolved Fe (FeTotal) concentration in
the tartrate-EDTA-Fe complex was basically consistent with the
theoretical value of added Fe when the solution was just mixed.
However, Fe loss still occurred in the tartrate-EDTA-Fe complex
after 140 h when the molar ratio of tartrate to EDTA-Fe was lower
than 0.33. The FeTotal concentration was reduced to
42.64± 0.45mM and 44.82± 0.09mM when the molar ratio of
tartrate to EDTA-Fe was 0.2 and 0.25, respectively. Significantly, the
FeTotal concentrations were basically the same as the initial value
when more tartrate was added, and almost no precipitation was
visible in the EDTA-Fe-tartrate system. The resulting iron loss was
consistent with the solution turbidity after 140 h, indicating that it
may be caused by the hydrolysis of iron and formation of an iron
hydroxide [18]. The above results suggested that tartrate acts as a
stabilizer in the EDTA-Fe(III) complex system, which is conducive to
the formation of stable iron chelates. In the following experiments,
4

the tartrate/EDTA-Femolar ratio was set as 1.0 to ensure that EDTA-
Fe was stable under alkaline conditions.

Cyclic voltammetry was employed to understand the redox
behavior of the tartrate-EDTA-Fe complex under alkaline condi-
tions (pH¼ 10). The result was compared with either the EDTA-Fe
complex alone or the tartrate-Fe complex alone. As shown in
Fig. 4a, a pair of reversible peaks appeared in the CV spectrum of
the tartrate-EDTA-Fe complex, with the reduction peak, oxidation
peak and midpoint potentials at �0.157 V, 0.007 V, and �0.075 V,
respectively. A similar CV curve was observed in the test with the
EDTA-Fe complex, whereas the CV of the tartrate-Fe complex
showed an irreversible reduction peak with a much more negative
potential (�0.776 V). These results indicated that the redox
behavior of the tartrate-EDTA-Fe complex is mainly due to EDTA-
Fe. Notably, the BESs used to recover ammonia in this study were
operated in microbial fuel cell mode. Thus, the cathode potential
would bemore positive than the bioanode potential (at least higher
than the oxidation potential of acetate, �0.28 V vs. SHE [23]). For
this reason, although a reduction peak was observed in the CV of
the tartrate-Fe complex, the onset potential appeared too negative
for it to contribute to the electrochemical reduction of Fe(III) in the
following ammonia recovery test. To further elucidate the redox
peaks in the CV of the tartrate-EDTA-Fe complex obtained under
alkaline conditions, a CV test was also conducted at pH 7, and the
corresponding voltammograms showed a pair of redox peaks with
a midpoint potential of 0.058 V (vs. SHE) (Fig. S1). A comparison of
the midpoint potentials obtained at pH 10 and pH 7 revealed a
negative shift of 0.133 V (or 0.044 V per unit pH increase). Previ-
ously, it was reported that the midpoint potential of the EDTA-Fe
complex underwent a negative shift of 0.044 V pH�1 in the CVs
obtained at pH> 6.8, which was suggested to result from the
electrochemical redox reaction of the hydroxide form of EDTA-
Fe(III)/Fe(II) [17]. Because EDTA-Fe was suggested to govern the
redox behavior as mentioned above, the redox peaks of the
tartrate-EDTA-Fe complex observed at pH 10 may follow the same
rule.

The CV results clearly showed that the redox reaction of the
tartrate-EDTA-Fe complex is electrochemically reversible. Howev-
er, in our proposed BES-stripping system, the actual redox process
would be not the same but would involve coupled processes,
namely, the electrochemical reduction of tartrate-EDTA-Fe(III) at
the cathode and its reoxidation by oxygen in the stripping column.
To model this process, a chronoamperometry test was conducted
at �0.2 V in the BES reactor to reduce tartrate-EDTA-Fe(III) in the
cathode chamber. As shown in Fig. S2, a current of approximately
23mA was generated initially, and then it gradually decreased to
almost zero after 60 h. The accumulated charge in 67 h was calcu-
lated to be as 964.94 C, whichwas consistent with the value (902.71
C) calculated based on Fe(III) conversion to Fe(II) (46.78mM). Then,
the reduced tartrate-EDTA-Fe solution was removed to perform
aeration in a baker. As shown in Fig. 4b, tartrate-EDTA-Fe(II) was
rapidly reoxidized in 2 h. These results clearly suggested that the
tartrate-EDTA-Fe complex is a suitable electron mediator that can

http://www.alibaba.com
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transport the oxidizing equivalent from oxygen to the BES cathode.
3.2. Performance of the ammonia recovery system in different
cathode modes

3.2.1. Current profiles
At the start-up stage, all three BES reactors were operated in the

same cathode mode, SNonEM-1A (no tartrate-EDTA-Fe in the cath-
olyte and one-point aeration in the stripping column). After inoc-
ulation, the variations in the currents in all the BESs followed a
similar trend, gradually increasing in the first 48 h and then
remaining at approximately 0.270± 0.004 Am�2 (Fig. 5a). This
observation indicated that the acclimated bioanodes in all the BES
reactors had similar electricity-generation capabilities. Subse-
quently, the BES reactors were operated in different cathode modes
to compare the current generation performances.

When another aeration point was added to the cathode cham-
ber (SNonEM-2A), an obvious increase in the current density relative
to that of SNonEM-1A was observed (0.883± 0.004 Am�2 vs.
0.270± 0.004 Am�2, Fig. 5a), indicating that the limited current
output observed when aeration was only performed in the strip-
ping column was due to the insufficient supply of an electron
acceptor (oxygen). We also calculated the supply rate of the
oxidizing equivalent in SNonEM-1A to be 10.28 C h�1 based on the
catholyte recirculation rate (0.12 L h�1), and the measured dis-
solved oxygen in the catholyte was saturated (~7.1mg L�1) in the
catholyte coming out of the stripping column. We found that this
value was very close to the consumption rate of the oxidizing
equivalent (9.36 C h�1) determined from the current (2.6mA),
5

which therefore supported the conclusion that the supply of elec-
tron acceptors in SNonEM-1A was insufficient.

When the tartrate-EDTA-Fe-amended catholyte (SEM-1A) was
used, the current density initially increased to approximately 1.5
Am�2, then gradually decreased and stabilized at 1.20± 0.02 Am�2

(Fig. 5a). When the catholyte was replaced by the tartrate-EDTA-Fe
complex, the concentration of Fe(III) was relatively high at the
beginning, and a correspondingly higher current density was ob-
tained due to more abundant electron acceptors. As the redox re-
action of iron reached a dynamic equilibrium, the generated
current density reached a stable state. The much higher current
density obtained in the stable state was attributed to the sufficient
supply rate of the oxidizing equivalent in SEM-1A (579 C h�1), which
was estimated to be 50 times higher than that in SNonEM-1A. Under
this condition, the consumption rate of the oxidizing equivalent
calculated based on the generated current (~11.5mA) was
41.4 C h�1, which was significantly lower than the supply rate,
clearly suggesting that the introduction of the tartrate-EDTA-Fe
complex overcame the limitation in the oxidizing equivalent sup-
ply. Compared with the current density of SNonEM-2A, which was
also not limited by the oxidizing equivalent supply, the current
density of SEM-1A was still found to be 36% higher. For SNonEM-2A, the
cathode working potential was measured to be �0.103± 0.020 V
(Fig. 5b), which was much more negative than the theoretical
reduction potential of oxygen at pH 10 (0.627 V vs. SHE) [24],
indicating that oxygen reduction at the cathode suffered from slow
kinetics. This was not surprising because the cathode material used
in this workwas just a plain carbon fiber that was not modified by a
catalyst, such as platinum, which is known to be important for
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overcoming the kinetic barrier of the electrochemical reduction of
oxygen. In contrast, the electrochemical reduction of tartrate-
EDTA-Fe(III) appeared to be highly efficient, as indicated by its
small overpotential (0.103 V calculated by subtracting the cathode
working potential, �0.053± 0.020 V in Fig. 5b, from the onset po-
tential of the reduction peak in the CV, approximately 0.050 V in
Fig. 4a). As a result, the cathode working potential in SEM-1A
was �0.053± 0.020 V more positive than that in SNonEM-2A and
therefore provided a higher driving force to promote current
generation.
3.2.2. NH4
þ-N removal and recovery

Prior to investigating the NH4
þ-N removal and recovery perfor-

mance, the catholytes and absorption solutions were renewed. As
shown in Fig. 6a, the total ammonia nitrogen (TAN) initially accu-
mulated in the catholyte and then reached a stable concentration.
Similar to the profile of the TAN change, that of the pH in the
catholyte also increased rapidly and then remained stable, with pH
values between 9.5 and 10.0 depending on the cathode operation
mode, for all the systems (Fig. 6b). Because alkaline conditions were
established in the catholyte, most of the NH4

þ-N transported from
the synthetic wastewater to the catholyte was converted to free
ammonia (Fig. 6c). By stripping, the free ammonia continuously
entered the gas phase and finally accumulated in the absorption
solution (Fig. 6d). After 72 h, the accumulation of NH4

þ-N in the
absorption solution linearly increased for all the systems, and both
the TAN concentration and pH of the catholyte remained stable,
indicating that steady NH4

þ-N removal and recovery were achieved
in all three systems.

The steady-state NH4
þ-N removal and recovery performances of

the systems operated in different cathode modes are shown in
Table 2. Under identical synthetic wastewater feeding conditions at
the anode (450mg NH4

þ-N L�1, HRT¼ 12 h), a much higher NH4
þ-N

removal efficiency was achieved in SEM-1A than in SNonEM-1A
(66.9± 1.4% vs.18.5± 1.3%). As expected, NH4

þ-N accumulated faster
in the absorption solution in SEM-1A (Fig. 4d). Accordingly, the NH4

þ-
N recovery rate in SEM-1A was calculated to be 6.9± 0.2 g Nm�2 d�1,
which was 3.8 times higher than that in the SNonEM-1A system
(1.8± 0.1 g Nm�2 d�1). The above results can be well explained by
the higher current density in SEM-1A (as shown in Fig. 5a) and
validated our hypothesis that the employment of tartrate-EDTA-Fe
in the catholyte could promote NH4

þ-N recovery. In addition, as
discussed in Section 3.2.1, the superiority of SEM-1A over SNonEM-1A
was not only due to the elimination of the oxidizing equivalent
supply limitation through the introduction of tartrate-EDTA-Fe, but
also due to the better electrochemical performance obtained with
tartrate-EDTA-Fe(III) as the electron acceptor instead of oxygen.
6

Using the NH4
þ-N recovery rate obtained in SNonEM-2A (with a suf-

ficient oxygen supply, 5.4± 0.3 g Nm�2 d�1) as an indicator, the
contribution ratios of these two effects that promote NH4

þ-N re-
covery were 70.6% and 29.4%, respectively. Furthermore, by
comparing the removal rates of NH4

þ-N with the recovery rates, the
NH4

þ-N recovery efficiencies were calculated to be in the range of
85%e91% (as shown in Table 2), indicating thatmost of the removed
NH4

þ-N was finally recovered into the absorption solution. Because
the TAN concentration in the catholyte always remained stable in
the steady operation stage (Fig. 6a), the small gap between the
removed and recovered NH4

þ-N was likely due to some of the NH4
þ-

N being removed via microbial assimilation at the bioanode instead
being transported from the anode chamber to the cathode chamber
[25]. Fig. 6a also shows that for the different cathode operation
modes, the TAN concentration increased in the catholyte in the
steady state and was stabilized at different levels, with that in SEM-

1A being much higher. This was likely due to the high free ammonia
concentration that had to be established in the catholyte in SEM-1A
(as shown in Fig. 6c) to allow the ammonia stripping rate to match
the high NH4

þ-N removal rate. In the case of SNonEM-2A, although the
NH4

þ-N removal rate was also much higher than that of SNonEM-1A,
the difference in the free ammonia concentration was not that
significant. This result may be due to the introduction of an addi-
tional aeration point, which led to a higher flow rate of the strip-
ping gas, another factor, in addition to the concentration of free
ammonia, that positively correlates with the ammonia stripping
rate [26].
3.3. Ammonia recovery performance at different ratios of the
catholyte recirculation rate to the anolyte flow rate

As described in Section 3.2, when the ratio of the catholyte
recirculation rate to the anolyte flow rate (RC-A) was set to 12.0 and
tartrate-EDTA-Fe was used, the oxidation equivalent supply rate
was one order of magnitude higher than the consumption rate,
indicating that RC-A should be reduced considerably to gain an
energy benefit in SEM-1A. As shown in Fig. 7a, the current density
decreased when the RC-A was reduced to 1.0, and the decrease
became more significant when RC-A was further halved. As ex-
pected, the variations in the NH4

þ-N recovery rates followed a
similar trend as the current densities. Fig. 7b illustrates the supply
rates and consumption rates of the oxidizing equivalent at different
RC-A values. Using these two rates, we could estimate the ratio of
Fe(III) to Fe(II) in the cathode chamber (details can be found in the
SI), which is related to the cathode potential according to the
Nernst equation. As shown in Fig. 7c, the ratio of Fe(III) to Fe(II)
decreased with decreasing RC-A, and the cathode potential followed
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Fig. 6. Profiles of the TAN concentrations (a), pHs (b) and free ammonia concentrations (c) in the catholyte and of the recovered NH4
þ-N in the absorption solution (d) for systems

with different cathode operation modes.

Table 2
NH4

þ-N removal and recovery performance in different cathode modes.

Effluent NH4
þ-N (mg L�1) N removal efficiency (%) NH4

þ-N removal rate (g N m�2 d�1) NH4
þ-N recovery rate (g N m�2 d�1) N recovery efficiency (%)

SNonEM-1A 367.29± 6.15 18.5± 1.3 2.1± 0.2 1.8± 0.1 85.0± 2.3
SEM-1A 149.37± 6.23 66.9± 1.4 7.6± 0.2 6.9± 0.2 90.8± 2.5
SNonEM-2A 205.45± 2.66 54.5± 0.7 6.2± 0.1 5.4± 0.3 88.1± 3.4
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the same trend. As RC-A was gradually decreased from 12.0 to 0.5,
the cathode working potential decreased from �0.053± 0.008 V
to �0.180± 0.004 V. Thus, the decline in the current density was
caused by the negative shift in the cathode potential, which led to
the deterioration of the abovementioned ammonia recovery per-
formance. Nevertheless, the NH4

þ-N recovery rate of SEM-1A at an
extremely low RC-A (4.2± 0.1 g Nm�2 d�1, RC-A¼ 0.5) was still
approximately 2.3 times higher than that obtained when the sys-
temwas operating at a much higher RC-A without tartrate-EDTA-Fe
(1.8± 0.1 g Nm�2 d�1, RC-A¼ 12.0 in SNonEM-1A).

To further understand the energy budget, the energy consump-
tion caused by catholyte recirculation was estimated (details can be
found in the SI) and comparedwith the energy generation calculated
from the current flowing across the resistance. As shown in Fig. 7d, at
a relatively high RC-A (12.0), the consumed energy was higher than
the generated energy. In contrast, the energy consumption was
significantly reduced at low RC-A values and was much lower than
the energy generation. In the sameway, the energy profile of SNonEM-

1A, which has an awful budget, is also illustrated in Fig. 7d. These
results clearly indicated that the introduction of tartrate-EDTA-Fe
could allow the system to maintain a relatively high NH4

þ-N recov-
ery performance at a low RC-A while having a much better energy
budget than the conventional system.
7

3.4. Perspectives

In this study, we showed that with the use of a tartrate-EDTA-
Fe-amended catholyte, a higher ammonia recovery rate was ach-
ieved, and less energy was consumed than in the control system
without the electron mediator. Previously, Sotres et al. reported a
BES-stripping system similar to our control system but with amuch
higher RC-A (288). However, the obtained ammonia recovery rate
previously reported is still slightly lower than that achieved in our
developed SEM-1A with an extremely low RC-A (0.5) (Table 3). This
suggests that the superiority of the tartrate-EDTA-Fe-involved BES-
stripping system over the conventional setup is not a case-
dependent issue. As shown in Table 3, another BES operated in
MFC mode had a similar ammonia recovery rate to the maximum
achieved in SEM-1A (7.1± 0.2 g Nm�2 d�1 vs. 6.9± 0.2 g Nm�2 d�1).
However, a noble metal catalyst was not used in the cathode in SEM-

1A, which is particularly promising for system scale-up and appli-
cation because noble metal catalysts are the major contributor to
the total capital cost of a BES [27].

In addition to capital expenditures, reliability is also an impor-
tant factor that determines the application prospects of a technol-
ogy. As shown in this work, the high ammonia recovery rate in the
conventional setup relied on placing an additional aeration point in
the cathode chamber to provide sufficient oxygen (Fig. 6 and
Table 2, SNonEM-2A vs. SNonEM-1A). In the case of system scale-up, a
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Table 3
Comparison of the tartrate-EDTA-Fe-involved NH4

þ-N recovery system with previously reported studies.

Reactor type Cathode side NH4
þ-N recovery rate (g N m�2 d�1) Catholyte recirculation ratio Ref.

MFC with stripping column Tartrate-EDTA-Fe as EM in catholyte 6.9± 0.2 12 This study
Plain carbon brush as cathode 4.2± 0.1 0.5

MFC with stripping column No EM in catholyte 3.7± 0.2a 288 [3]
Stainless steel mesh as cathode

MFC- stripping No EM in catholyte 7.1± 0.2 NA [28]
Pt-coated carbon cloth as cathode

MEC (applied voltage 0.7 V) Mixed metal oxide-coated titanium plate as cathode 27.0 NA [9]

NA: Not available.
a: Assuming the recovery rate is equal to the reported removal rate.
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number of additional aeration points should be used to meet the
increase in the number of cathode chambers, and a complex gas
tubing network should be added as well. In this way, the system
reliability would be challenged by at least the following two as-
pects: (i) gas distribution from the air blower to each cathode
chamber should be guaranteed; otherwise, an insufficient supply of
oxygen to some cathodes would cause a decline in the ammonia
recovery [28]; (ii) every connection of the gas tubing network
should be well sealed; otherwise, the leakage of the aeration gas
with ammonia would be dangerous and result in inefficient
ammonia recovery. In comparison, our proposed novel system
achieved a high ammonia recovery rate by placing the aeration
point in the stripping column. The challenges mentioned above can
be avoided by removing the air delivery points and corresponding
collection system from the BES reactor, allowing the system to be
applied at a large scale with high reliability.

Although the superiority of the BES-stripping system with an
electron mediator over the conventional system has been verified
here, there is still considerable room to further optimize this sys-
tem. In this proof-of-concept work, the model EM employed was
tartrate-EDTA-Fe, which has a redox potential of �0.075 V (vs. SHE,
8

pH¼ 10). This potential is still far from the reduction potential of
the terminal electron acceptor (oxygen, 0.627 V vs. SHE, at pH 10)
[24]. Thus, it is expected that a higher ammonia recovery rate can
be achieved by using an EM with a higher redox potential to pro-
mote current generation. Additionally, when selecting an EMwith a
higher redox potential, attention should also be paid to its oxida-
tion kinetics. For instance, the redox couple of ferricyanide/ferro-
cyanide lies at a more positive redox potential (0.4 V vs. SHE, at pH
10) than tartrate-EDTA-Fe(III)/(III) [29], but the slow oxidation rate
of ferrocyanide by oxygen disqualifies this redox couple as an EM in
our proposed system. Efforts to seek or develop more efficient EMs
are warranted in the future. Alternatively, as shown in Table 3, the
BES operated in MEC mode with an applied voltage can also pro-
mote the ammonia recovery rate. Although this operation requires
additional energy input, it could be a trade-off against capital ex-
penditures, because a higher ammonia recovery rate could reduce
the size of the BES reactor [30]. Notably, because the presence of the
EM in the catholyte allows efficient transportation of the oxidizing
equivalent from the stripping column to the cathode, the high
current production in our proposed system may not rely on
hydrogen evolution as in the conventional MEC. This will be
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beneficial because the system can bemore safely operatedwith less
energy consumption.

4. Conclusions

In this work, a novel BES-stripping system was developed by
introducing tartrate-EDTA-Fe into the catholyte as an electron
mediator. With the aid of the tartrate-EDTA-Fe complex, the
ammonia recovery rate increased by 3.8 times compared to that
obtained without the EM. The improvement was attributed to the
fact that using tartrate-EDTA-Fe provided an adequate oxidizing
equivalent and improved the cathodic electrochemical perfor-
mance. The contributions of these two effects accounted for 70.6%
and 29.4%, respectively. In addition, the system with the electron
mediator was obviously superior to the conventional system
because it consumed less energy due to its lower catholyte recir-
culation rate compared with that of the conventional system. This
study offers a strategy for scaling up BESs for ammonia recovery
simply and reliably.
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