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ABSTRACT: Phosphorus (P) removal and recovery from waste streams is essential for a sustainable
world. Here, we updated a previously developed abiotic electrochemical P recovery system to a
bioelectrochemical system. The anode was inoculated with electroactive bacteria (electricigens) which are
capable of oxidizing soluble organic substrates and releasing electrons. These electrons are then used for the
reduction of water at the cathode, resulting in an increase of pH close to the cathode. Hence, phosphate
can be removed with coexisting calcium ions as calcium phosphate at the surface of the cathode with a
much lower energy input. Depending on the available substrate (sodium acetate) concentration, an average
current density from 1.1 ± 0.1 to 6.6 ± 0.4 A/m2 was achieved. This resulted in a P removal of 20.1 ± 1.5%
to 73.9 ± 3.7%, a Ca removal of 10.5 ± 0.6% to 44.3 ± 1.7% and a Mg removal of 2.7 ± 1.9% to 16.3 ±
3.0%. The speciﬁc energy consumption and the purity of the solids were limited by the relative low P
concentration (0.23 mM) in the domestic wastewater. The relative abundance of calcium phosphate in the
recovered product increased from 23% to 66% and the energy consumption for recovery was decreased
from 224 ± 7 kWh/kg P to just 56 ± 6 kWh/kg P when treating wastewater with higher P concentration
(0.76 mM). An even lower energy demand of 21 ± 2 kWh/kg P was obtained with a platinized cathode.
This highlights the promising potential of bioelectrochemical P recovery from P-rich waste streams.
KEYWORDS: bioelectrochemical, phosphate removal, local high pH, amorphous calcium phosphate, energy consumption
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any chemicals to the system.11 This provided an excellent way
for extracting phosphorus from sewage. Though the concentration of phosphorus in the inﬂuent of WWTP is relatively
low (5−10 mg L−1), the volume of sewage is huge (135−150 L
per capital per day), and therefore, phosphorus in domestic
wastewater can be an important source for phosphorus
recycling.12 The added beneﬁts of electrochemical phosphorus
recovery are that COD, turbidity, and color of the wastewater
were simultaneously reduced as well. The disadvantage,
however, is that this process is energy intensive.
In this regard, bioelectrochemical systems appear as
promising alternatives for the abiotic electrochemical systems.13 In a typical bioelectrochemical system, electroactive
microbes grow as ﬁrm bioﬁlms on the anode and serve as
biocatalysts.13−15 Electrons are released during the oxidation of
organics by the electroactive bacteria and transferred to the
anode.14,15 The electrons can be used to reduce water
molecules at the cathode, resulting in an increase of local pH
near the cathode surface.16−19 It was reported that the pH in
the vicinity of the cathode increases to 10, while bulk pH is 7.20
Due to the increase of local pH, the soluble calcium phosphate

INTRODUCTION
Use of phosphorus fertilizer is crucial for securing food
production for the increasing world population.1 However, due
to the linear ﬂow of phosphorus from ore, fertilizer products to
farms, lakes, and many types of waste streams,2 there is an
increasing concern about the potential shortage of phosphorus
resources.1,3 At the same time, the discharge of phosphorus
containing streams results in the eutrophication of receiving
water bodies.2,4 This broken cycle of phosphorus calls for
phosphorus removal and recovery.4 In this context, enhanced
biological phosphorus removal, adsorption, and chemical
precipitation have emerged as eﬃcient ways for phosphorus
removal.3 In all processes, insoluble or less-soluble phosphate
salts are recovered as the product. Among these phosphate
products, calcium phosphate, which is similar in composition
to phosphate rock, can be used as a new raw material for the
fertilizer industry.5
Phosphorus recovery as calcium phosphate has been studied
in a large variety of wastewater, but mostly in concentrated
phosphorus streams.6−9 Few studies deal with wastewater that
has a medium or low concentration of phosphorus, for
example, domestic wastewater.10 We recently showed that
during electrochemical treatment, the coexisting cations (i.e.,
Ca2+) and anions (i.e., phosphate) in the domestic wastewater
form precipitates on the surface of the cathode, without adding
© 2019 American Chemical Society
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Figure 1. (A) Conﬁguration of the microbial electrolysis cell, components and the materials of the (B) bioanode and (C) cathode. Both electrodes
were welded to (platinum coated) titanium rods for connection. The graphite felt and the platinum-coated titanium mesh were ﬁxed with platinum
wire.

Figure 2. Current production as a function of sodium acetate (NaAc) concentration. Overall, the current curve was reproducible among the four
fed batch cycles. Conditions: bioanode potential, −0.35 V; distance between electrodes, 1 cm; batch cycle time, 24 h.

yet still in concentrated solutions. In addition, all the reported
studies focused on struvite (MgNH4PO4·6H2O) as the
product. In this context, due to the lack of magnesium (Mg)
in the wastewater relative to phosphate and ammonium,29 the
supply of Mg source was essential in all these studies. This
hinders the further adoption of bioelectrochemical phosphorus
recovery, though it shows great potential. We are not aware of
any study with MEC focusing at producing calcium phosphate
as the recovered product.
Inspired by the successful demonstration of electrochemical
phosphorus recovery as calcium phosphate,21,30−32 we studied
the possibility of energy reduction by upgrading the abiotic
electrochemical system to a bioelectrochemical system. This
proof of principle, the eﬃciency of the bioelectrochemical
system and its relation to substrate concentration and the
composition of recovered products were systematically
investigated.

species becomes supersaturated and forms a solid species on
the surface of the cathode, as in abiotic electrochemical
systems.11,21
The advantages of using a bioanode are substantial. First, the
energy needed for electrochemical phosphorus recovery are
signiﬁcantly reduced.16−19,22 The oxidation potential for
sodium acetate (NaAc), which is a typical substrate used in
bioelectrochemical systems, is −0.278 V (vs NHE), which is
1.1 V lower than abiotic water oxidation (0.817 V, vs NHE),
under standard conditions.23 The use of a bioanode avoids the
formation of chlorine at the anode, which is an issue in abiotic
electrochemical systems.24 Chlorine, once produced, can result
in the formation of chlorinated organic compounds which are
extremely toxic.24,25
Bioelectrochemical systems have been widely used in
wastewater treatment for resource recovery and energy
production. 13,26−28 The early work of Ichihashi and
Hirooka16,17 and Roland et al.19 proved the possibility of
bioelectrochemical phosphorus recovery, relying on either
artiﬁcial wastewater or on concentrated phosphate streams and
ion selective membranes. The ﬁrst simple chamber microbial
electrolysis cell (MEC) for phosphorus recovery was
developed and tested with artiﬁcial wastewater by Roland
and Logan.18 Yuan and Kim22 extended the application of
MEC in a simple cell with improved cathode conﬁgurations,

■

MATERIALS AND METHODS

Electrodes. The bioanode was made of a platinum-coated (20 g
m−2) Ti mesh in the form of a disk (Pt−Ti, 80 mm Ø) and a piece of
graphite felt (thickness of 3 mm, FMI Composites Ltd., Galashiels,
Scotland) connected to the Pt−Ti disk. We used Pt wire to ﬁx the
graphite felt to the mesh Pt−Ti disk. On top of the bioanode, a 120
mm long Pt−Ti rod (3 mm Ø) was welded to the center of the
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bioanode. The cathode was made of a Ti plate (grade one, 6 × 6 cm).
The Pt−Ti current collector and the Ti cathode were provided by
MAGNETO Special Anodes BV (The Netherlands).
Reactor Design, Start-up, and Operation. The reactor has the
same design as the abiotic electrochemical cell that we used
previously.31 The diﬀerence is that we replaced the abiotic anode
with a bioanode. Figure 1 illustrates the conﬁguration of the MEC.
The MEC is operated in a three-electrode system, with the bioanode
as the working electrode and the cathode as the counter electrode. A
reference electrode (Ag/AgCl, 0.210 V vs SHE, QM713X, ProSense
B.V.) was placed close to the bioanode. The bioanode potential was
controlled at −0.35 V by a potentiostat (Vertex, Ivium Technologies,
The Netherlands), which is slightly higher than the oxidation
potential of NaAc (>100 mV overpotential under typical experimental
conditions) to provide electroactive bacteria with a competitive
advantage over methanogens.33 The average overpotential was about
190 mV under the applied condition at the start of the experiments. In
this paper, all potentials were reported related to the Ag/AgCl
reference electrode. The bioanode and the cathode were located on
the top and bottom of the electrochemical cell at a distance of 10 mm.
The reactor temperature was maintained at 29.5 ± 0.5 °C using a
thermostat. Initially, the electrochemical cell was inoculated with
artiﬁcial wastewater, containing 1 mL/L trace element solution and
the following: 0.82 g/L CH3COONa, 0.74 g/L KCl, 0.58 g/L NaCl,
3.4 g/L KH2PO4, 4.35 g/L K2HPO4, 0.28 g/L NH4Cl, 0.1 g/L
MgSO4·7H2O, and 0.1 g/L CaCl2·2H2O.34 The biomass used for
inoculation was collected from an active microbial rechargeable
battery cell.35 The reactor was operated in fed-batch mode with
regular replacement of substrate (typically every 24 h). The working
volume of the bioreactor was 900 mL. The solution in the reactor was
mixed by a peristaltic pump at a ﬂow rate of 60 mL min−1. After
inoculation within 3 days, the system started to produce a positive
current. After 2 weeks, the bioanode was completely covered by a
visible red biomass. In the meantime, reproducible current was
recorded (see Figure 2). Then, experiments with real domestic
wastewater (with additional NaAc) were performed. The wastewater
was sampled from a local wastewater treatment plant (Leeuwarden,
The Netherlands). The main composition of the wastewater is shown
in Table S1. Each experiment lasted for 24 h. In this period, the
current and the cell voltage between the working and the counter
electrode were recorded. Liquid samples before and after 24 h
treatment were taken for analysis. In some cases, the time was
extended to 48 and 72 h and samples were also taken. At least four
repetitions were performed, and the mean and standard deviation of
the collected data are reported.
Analysis. We used ICP-AES (Optima 5300 DV, PerkinElmer) to
quantify the concentration of soluble calcium (Ca), phosphorus (P),
and magnesium (Mg). We applied the standard cuvette test
(LCK114, Hach Company) to measure the concentration of chemical
oxygen demand (COD). We quantiﬁed the concentrations of cations
(Na+, NH4+) and anions (chloride, sulfate, nitrate, and nitrite) with
ion chromatography (IC, Compact IC 761, Metrohm). We analyzed
the total organic carbon and inorganic carbon by a TOC-LCPH
analyzer equipped with an ASI-L auto sampler (Shimadzu). Prior to
ICP-AES and IC analysis, samples were ﬁltered with 0.45 μm
membrane ﬁlter. The qualiﬁcation of solid phases was achieved with
X-ray Powder Diﬀraction (XRD, Bruker) using Cu Kα radiation.
Details about the information on XRD can be found in a previous
publication.31
Calculations. The average produced current and cell voltage in
each experiment for diﬀerent NaAc concentration was calculated with
MATLAB. Prior to the calculations, the curve ﬁtting for both the
recorded current and the cell voltage were performed to meet the
prerequisite of integral. The MATLAB function “spline” was used to
ﬁt the curves and the “integral” function was applied to solve integral
through area measurement. The current density (A m−2) was deﬁned
by the average current and the projected surface area of the cathode
(36 cm2).

The Coulombic eﬃciency (CE) was deﬁned as the ratio between
the produced charge and the theoretical charge released by the
oxidation of substrate (eq 1):
CE(%) = 100 ×

8 ∫ I dt
FV ΔCOD

(1)

I is the electric current (A), F is the Faraday constant (96485 C
mol−1), V is the volume of the reactor (0.9 L), ΔCOD (g/L) is the
removed COD in one fed-batch cycle, and the factor 8 is the quotient
from the molecular weight of oxygen (32 g mol−1) and amount of
electrons transferred per mole of oxygen (4).
The electric energy consumption (WE) was calculated by eq 2:
WE =

∫0

t

IU dt

(2)

where U is the recorded cell voltage (V).
The anode overpotential were calculated as the diﬀerence between
the applied anode potential and the theoretical anode potential (ηanode
= Eanode,measured − Eanode,theoretical).15

■

RESULTS AND DISCUSSION
Current Production and COD Conversion. Before
evaluating the eﬃciency of bioelectrochemical system, it is
necessary to check if the MEC could work properly, which can
be evaluated by the produced current. Figure 2 shows the
current production in relation to the NaAc concentration in
the MEC. Without adding external substrate, the MEC
produces positive current, which suggests that the bioanode
can oxidize the organics in the domestic wastewater and
produce electricity. The average current in 24 h produced
without adding NaAc is 3.0 ± 0.2 mA, corresponding to a
current density of 0.84 ± 0.1 A m−2. It should be noted that
without adding additional substrate the domestic wastewater
should be fresh domestic wastewater. With stored wastewater,
the current density recorded was very low. This is because the
easily biodegradable COD was consumed by the microbes
originating from the wastewater even though we stored the
wastewater at a 4 °C fridge. In Figure S1, the initial COD
decrease over the storage period is shown. Because of this,
additional COD (as NaAc) was added at the start of each
experiment.
Figure S2 summarizes the removal of COD, current density,
and Coulombic eﬃciency in relation to NaAc concentration.
With 1.0 mM NaAc added to the stored raw wastewater, the
initial COD is 128 ± 8 mg L−1, and with 10 mM NaAc, the
initial COD increases to 640 ± 34 mg L−1. The removal of
COD also increases from 45.7 ± 3.4% at 1.0 mM NaAc to the
highest (79.8 ± 2.0%) at 10 mM NaAc. In response to the
increased NaAc dosage and COD conversion, the current
production also increases. As can be seen from Figure 2, the
current curve is reproducible for the four tests. At the
beginning the current starts to increase immediately after we
turn on the potentiostat and the peak current occurs within 1 h
and then starts to slowly decrease, resulting from the decrease
of available substrate. With increasing NaAc concentration, the
observed current peak shifts in time, for instance, at a
concentration of 10 mM NaAc, the current peak was observed
at 12 h. The calculated average current density in 24 h is 1.1 ±
0.2 A m−2 with 1.0 mM NaAc. The value increases to 2.7 ± 0.3
with 2.5 mM NaAc and further to 4.4 ± 0.2 with 5.0 mM
NaAc, reaching the highest current density of 6.6 ± 0.4 A m−2
at 10 mM NaAc. However, in terms of CE, an overall
decreasing trend was observed with increasing NaAc
concentration from 54.7 ± 12.9% at 2.5 mM to 36.4 ± 2.5%
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at 10 mM. Such a trend was seen previously.36 There are
multiple reasons for the low CE. First of all, the presence of
alternative electron acceptors (i.e., sulfate or O2) will lower the
Coulombic eﬃciency. Indeed, in the presence of 10 mM NaAc,
we found that the sulfate concentration decreased by 62.3 ±
6.3%. This is accompanied by the formation of dark
precipitates in the circulation tubes, which may be due to
metal sulﬁde formation. Second, methanogens may compete
with the electricigens to produce methane, especially in excess
of NaAc.33
Bioelectrochemical Phosphorus Removal. Associated
with the current production in the MEC, the concentration of
soluble phosphorus decreased and the higher the NaAc
concentration, the higher the removal of phosphorus (P) and
also calcium (Ca) and magnesium (Mg). The P removal was
dependent on the substrate conversion to electricity, since
precipitation was induced by the increase of local pH, as we
conﬁrmed in the abiotic system.21 The reduction of water
molecules at the cathode of the MEC, resulting in hydrogen
production, led to a local high pH compared to the bulk
solution. We have also seen the increase in P removal with
increasing current density in our previous experiments with the
abiotic system.30 During experiments with the MEC, the
removal eﬃciency of P was around 20% with 1.0 mM NaAc
added (Figure 3). At the same time, 11% Ca and 3% Mg were

determine the solid phases. For the precipitates formed under
diﬀerent NaAc dosing, all XRD spectra show a good match
with calcite (CaCO3). This indicates that the precipitates were
predominantly CaCO3, while the calcium phosphate was in an
amorphous phase.11 The removal of Mg as brucite (Mg(OH)2), which could also be formed, is highly dependent on
the current density.11 At low concentration of NaAc (1−5
mM), the XRD pattern of brucite cannot be identiﬁed in the
samples taken from the bioelectrochemical system. The
removal eﬃciency of Mg was just 2.7 ± 1.9% with 1 mM
NaAc (1.1 ± 0.2 A m−2). After we increased the dosage of
NaAc to 10 mM, the generated current increased, and this
resulted in an increase in Mg removal. Nearly 16% Mg was
removed in the presence of 10 mM NaAc (6.6 ± 0.4 A m−2).
In this case, typical peaks of brucite at 2θ = 38° and 18.6° were
found in the XRD pattern (Figure 4A). To investigate the
amorphous calcium phosphate (ACP) content, the precipitates
collected in the presence of 10 mM NaAc were heated at 550
°C for 2 h and then characterized with XRD. In this way, the
organic substances can be removed, and the amorphous phase
may recrystallize to a crystalline phase. Indeed, as shown in
Figure 4B, the XRD pattern of the heated samples matched
with hydroxyapatite (HAP), MgO, and CaO. The XRD
characterization of solids before and after heating treatment
conﬁrmed the precipitates as a mixture of ACP, calcite, and
brucite, which is consistent with the composition of solids
recovered in the abiotic electrochemical system.11
Based on our previous calculation approach,37 we estimated
the diﬀerent quantities of precipitates (Figure 4C) and the
relative abundance of the three species in the products (Figure
4D) as a function of NaAc concentration. The amount of all
three species increased with the increase of NaAc concentration. Nonetheless, regardless of the NaAc dosage, the
precipitates consisted of more than 65% of calcite and the
relative abundance of ACP was just around 20%. The low
content of ACP is explained by the much lower phosphorus
concentration in comparison to bicarbonate, which results in
the dominant calcite formation.11
Phosphorus Removal in One Fed-Batch Test with
Extended Time. In the abiotic system, we saw a clear increase
of phosphorus removal eﬃciency with the increase of
electrolysis time. However, in the biotic system, the removal
eﬃciency of phosphorus decreased with extended microbial
electrolysis time. In the presence of 10 mM NaAc, the
concentration of phosphorus decreased from 7.0 ± 0.1 to 1.7
± 0.3 mg L−1 in 24 h (Figure 5A). Then, the P concentration
increased to 3.6 ± 0.1 mg L−1 within 48 h and further
increased to 5.6 ± 0.1 mg L−1 in 72 h. We also observed similar
trends for Ca and Mg, but these were less obvious. This was
probably due to the dissolution of initial precipitates, which
results in the increase of P, Ca, and Mg concentrations in the
bulk solution. These changes of ion concentration in the
wastewater were connected to the depletion of COD in the
wastewater and the associated decrease in current density
during operation of the bioelectrochemical system over the 3
day experimental period. The COD decreased from 622 ± 20
to 121 ± 12 mg L−1 within 24 h (Figure 5A). Due to the
degradation of COD, the output current of the MEC decreased
signiﬁcantly (Figure 5B). While the average current on the ﬁrst
day was 23.3 ± 2.0 mA (6.5 ± 0.5 A m−2), the average current
in the second day and the third day were just 2.6 ± 0.3 mA
(0.71 ± 0.07 A m−2) and 1.0 ± 0.1 mA (0.26 ± 0.04 A m−2).
The precipitation of calcium phosphate and other solid species

Figure 3. Removal percentage of Ca, Mg, and P as a function of the
sodium acetate (NaAc) concentration in the microbial electrolysis
cell. Conditions: bioanode potential, −0.35 V; distance between
electrodes, 1 cm; microbial electrolysis time, 24 h.

removed. With 2.5 mM NaAc, the P removal eﬃciency
increased by 12%, which was accompanied by an increase of
10% for Ca and 3% for Mg. Likewise, the removal of P, Ca, and
Mg increased proportionally with 5.0 mM NaAc. At 10 mM
NaAc, nearly 74% P, 44% Ca, and 16% Mg were removed from
the wastewater. The P recovery performance was poor (about
9%) without adding NaAc, even with fresh wastewater (data
not shown). This is because, although the initial total COD of
fresh wastewater is 271 ± 8.6 mg/L, the soluble COD (100 ±
1.2 mg/L) is low. As a result, the average current density
generated with fresh wastewater is just 0.84 ± 0.1 A m−2,
which is lower than that of adding 1.0 mM NaAc (1 ± 0.2 A
m−2).
In response to the removal of ions in the bulk solution,
precipitates were seen on the counter electrode (cathode), as
seen in the abiotic electrochemical system.11,21,30 The
precipitates were characterized with XRD (Figure 4A) to
8863
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Figure 4. (A) XRD pattern of solids collected in the presence of diﬀerent sodium acetate (NaAc) concentration, (B) XRD pattern of selected
samples after heating treatment, the heated samples were collected in the presence of 10 mM NaAc, (C) amount and (D) the relative abundance of
brucite (Mg(OH)2), amorphous calcium phosphate (ACP), and calcite (CaCO3).

Figure 5. (A) Concentrations of Ca, P, Mg, and COD in the wastewater and (B) the average current each day over a three-day batch test.
Conditions: 10 mM NaAc; bioanode potential, −0.35 V; distance between electrodes, 1 cm.

come to a halt. As a result, the local high pH cannot be
maintained. Therefore, the precipitates will dissolve, accompanied by the increase of ion concentration in the bulk
solution. We previously tested the dissolution of precipitates in

on the cathode surface is induced by the local high pH
resulting from the (microbial) electrolysis process. Therefore,
when the available organic substances were depleted by the
electroactive bacteria, the microbial electrolysis process will
8864
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Table 1. Comparison of COD Conversion, Ions Removal, and Current Density in Low and High Phosphorus Concentration
concentration (mM)

removal (%)

phosphorus

NaAc

COD

Ca

Mg

P

avg current density (A/m2)

0.23
0.76

5
5

74.8 ± 2.8
74.9 ± 1.5

33.6 ± 2.4
31.9 ± 1.3

10.1 ± 0.9
16.2 ± 1.3

45.1 ± 2.7
43.8 ± 1.3

4.4 ± 0.2
4.0 ± 0.2

Figure 6. Relative abundance of calcite, brucite, and amorphous calcium phosphate (ACP) in the presence of 0.23 and 0.76 mM phosphorus.

open circuit in abiotic systems.37 It was found that only when
the bulk solution pH was acidic, the initial precipitates dissolve.
Under alkaline conditions, the precipitates did not dissolve. We
measured the bulk solution pH after 24, 48, and 72 h, which
are 7.7, 8.1, and 8.0, respectively. Overall, the bulk solution pH
in the MEC was quite stable. This was due to the presence of
bicarbonate, which acts as a buﬀer in the wastewater. In
addition, the degradation of NaAc also results in the formation
of bicarbonate (eq 3).
CH3COO− + 4H 2O → 2HCO−3 + 9H+ + 8e−

investigate the performance of the bioelectrochemical system
toward wastewaters with higher P content, we performed tests
by spiking extra phosphate (in the form of Na2HPO4) to raise
the P concentration to 0.76 mM.
The COD removal, the generation of current, and the
removal eﬃciency of ions were similar to the case without
spiking phosphorus (Table 1). However, the characterization
of solids by XRD indicated that the relative contribution of
components shifted. The XRD spectrum of solids collected in
the presence of 0.76 mM P was dominated by a broad peak
around 30° (Figure S3) instead of a clear pattern for calcite
(Figure 4A). The broad peak is typically seen for ACP.21,31
Similar to the case of 0.23 mM P (without spiking), the raw
XRD pattern fails to identify the presence of brucite due to the
small amount of brucite in the precipitates. When the solids
were subjected to heating treatment, the new XRD pattern was
dominated by hydroxyapatite (Figure S3), which supports the
assumption that the initial form was mostly ACP. Figure 6
shows the relative abundance of ACP, calcite, and brucite in
the solids obtained from the wastewater with 0.76 mM P. In
comparison to the wastewater with lower P concentration
(0.23 mM P), the relative abundance of ACP increased from
21% to 66%, whereas the relative abundance of calcite
decreased from 73% to 24%. Without supplying extra P, only
22% of the removed Ca formed precipitates with phosphate. At
a concentration of 0.76 mM P, 73% of the removed Ca was
used for ACP formation. This indicated that the increase of
phosphate concentration reduced calcium carbonate formation
in the bioelectrochemical system, which is in line with the
results in the abiotic system.11
Thermodynamically, calcium phosphate species are less
soluble than calcium carbonate, and in the wastewater, the
precipitation of calcium phosphate has a higher driving force
than calcium carbonate.11 However, in the wastewater, the Ca/
P molar ratio was too high; therefore, there was Ca available
for calcium carbonate formation. When extra phosphate was
supplied, more Ca was used for ACP formation. While it is
unrealistic to dose phosphate to the wastewater, there are other
types of wastewater that contain high concentrations of
phosphate, for instance, food wastewater.9 Therefore, it
might be possible to produce high purity calcium phosphate

(3)

From the point of bulk solution pH, the precipitates should not
dissolve. The diﬀerent behaviors of solids in the abiotic system
and the biotic system may be explained in several ways. First of
all, though the precipitates are a mixture of calcite, brucite, and
ACP in both systems (biotic and abiotic), the exact
composition may still be diﬀerent. The collected ACP in the
biotic system might have a diﬀerent structure compared to the
ACP from the abiotic system, which might lead to a diﬀerent
stability of the amorphous phase. Preliminary leaching tests
(Figure S4) indicate a higher P concentration in the bulk
media (1.28 mg L−1) from the biotic precipitates than that of
the abiotic precipitates (0.294 mg L−1) when the solids were
mixed with deionized water. Furthermore, the presence of
organic matters might also inﬂuence the stability of initial
precipitates.38 These mechanisms might explain the dissolution
of precipitates when the substrate concentration was not able
to maintain the high local pH. However, we do not have solid
conclusions at this moment, and this interesting diﬀerence
between abiotic and biotic systems calls for further
investigation.
Phosphorus Removal at Increased Phosphate Concentration. As discussed earlier, the relative abundance of
ACP in the precipitates was low. Calcite accounts for the
largest proportion in the precipitates. This was probably due to
the excess of bicarbonate in the wastewater (10.1 mM vs 0.23
mM P). In addition, the consumption of NaAc, as mentioned
earlier, will add bicarbonate to the system. We previously
showed in abiotic systems that a high concentration of
phosphorus can enhance calcium phosphate precipitation and
inhibit calcium carbonate precipitation.11 In order to
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kWh/kg P. If we assume an electricity price of 0.09 €/kWh, the
P recovery cost would be 1.92 ± 0.21 €/kg P. Such low cost
would make this process very competitive, even compared to
mined phosphorus, which lies in 1−2 €/kg P.39
Outlook. We demonstrated that phosphorus in domestic
wastewater (P = 0.23 mM) and wastewaters with higher P up
to 0.76 mM can be recovered as calcium phosphate in an
energy eﬃcient way by applying MEC. In line with the abiotic
system, ACP, brucite, and calcite were formed as precipitates
on the cathode surface. However, the removal of Mg was
relatively low compared to the abiotic electrochemical system,
since the current density obtained was much lower compared
to the current density applied in the abiotic system. Therefore,
the use of a bioelectrochemical system can reduce the
formation of brucite. However, to reduce CaCO3 content in
the solids, it is necessary to target a wastewater that has relative
high phosphorus concentration. Both the purity and the energy
consumption were substantially reduced at higher levels of
phosphate, simulated by spiking P to the domestic wastewater.
We found that the formed precipitates dissolved when the
output current decreases, due to the depletion of substrate,
while in the abiotic system they remained. Yet, we are unable
to provide a clear explanation for this. We propose further
research on understanding the diﬀerence between abiotic and
biotic precipitates and avoiding the dissolution of initial
precipitates.

from phosphorus-rich waste streams with bioelectrochemical
phosphorus recovery process.
Energy Consumption. We found the bioelectrochemical
system has good potential to recover phosphorus from waste
streams at relatively low energy cost, depending on the
phosphorus concentration, availability of substrate, and
electrode material. The speciﬁc energy cost (as kWh/kg P)
increased with the added NaAc concentration. With 1.0 mM
NaAc, although the P removal eﬃciency was relatively low
(∼20%), the cell voltage was low as well, due to the low output
current density. The low cell voltage compensates for the low P
removal and results in the lowest energy consumption of 69 ±
14 kWh/kg P (Figure 7), with the regular cathode (Ti) and
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Figure 7. Speciﬁc energy consumption as a function of sodium acetate
(NaAc) concentration, phosphorus concentration, and electrode
material, expressed in kWh per kg phosphorus.
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regular P concentration (0.23 mM). This energy consumption
was comparable to a ﬂuidized bed cathode MEC that had a
cathode and bioanode compartment separated by membranes,
which was 65 ± 5 kWh/kg P.19 In comparison to the single cell
that was reported by Yuan and Kim,22 which had an energy
consumption of 109 kWh/kg P with the addition of NaAc
(calculated from the reported 13.8 kWh/kg struvite), our
energy consumption was relatively low. However, with
increased NaAc concentration, the speciﬁc energy cost
increased, reaching the highest (247 ± 2 kWh/kg P) at 10
mM NaAc. This suggests the increased current production was
not matched by P removal.19 It should be emphasized that the
previous reported results produced struvite from phosphorusrich solutions (1.5−4.5 mM P).22,26 In our system, with 5 mM
NaAc and increased phosphorus concentration (0.76 mM), the
energy consumption dropped from 224 ± 7 to just 56 ± 6
kWh/kg P. In principle, the energy input of the (bio)electrochemical system is aﬀected by the internal resistance,
the half reaction at working electrode, and the counter
electrode. The use of a bioanode can reduce the minimum
required cell voltage for hydrogen production, due to the lower
equilibrium voltage of the bioelectrochemical system (0.14 V)
compared to the electrochemical system (1.23 V).15 The most
energy intensive loss here, if we did not consider the ionic
losses, is the overpotential of water reduction at the cathode.
By using a Pt-coated Ti cathode, the average cell voltage was
reduced from 1.56 ± 0.05 V for the regular cathode (Ti plate)
to 0.82 ± 0.01 V. Due to the decrease of cell voltage, the
energy cost further decreased from 56 ± 6 kWh/kg P to 21 ± 2
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