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Phosphorus (P) is an essential element for the growth and reproduction of organisms. Unfortunately, the natural
P cycle has been broken by the overexploitation of P ores and the associated discharge of P into water bodies,
which may trigger the eutrophication of water bodies in the short term and possible P shortage soon. Conse
quently, technologies emerged to recover P from wastewater to mitigate pollution and exploit secondary P re
sources. Electrochemically induced phosphate precipitation has the merit of achieving P recovery without dosing
additional chemicals via creating a localized high pH environment near the cathode. We critically reviewed the
development of electrochemically induced precipitation systems toward P removal and recovery over the past
ten years. We summarized and discussed the effects of pH, current density, electrode configuration, and water
matrix on the performance of electrochemical systems. Next to ortho P, we identified the potential and illustrated
the mechanism of electrochemical P removal and recovery from non-ortho P compounds by combined anodic or
anode-mediated oxidation and cathodic reduction (precipitation). Furthermore, we assessed the economic
feasibility of electrochemical methods and concluded that they are more suitable for treating acidic P-rich waste
streams. Despite promising potentials and significant progress in recent years, the application of electrochemical
systems toward P recovery at a larger scale requires further research and development. Future work should focus
on evaluating the system’s performance under long-term operation, developing an automatic process for har
vesting P deposits, and performing a detailed economic and life-cycle assessment.

1. Introduction
Phosphorus (P) is a fundamental element for organisms. It sculpts
fauna and flora as genetic materials, cell structures, and bones (Cornel
and Schaum, 2009; Schaum, 2018). Besides, it governs biological ac
tivities by participating in biochemical reactions as ATP (Desmidt et al.,
2015). Notably, plants take up P from the soil while animals and humans
supplement P through diet (Karunanithi et al., 2015). In the natural
cycle, P originated from lithosphere and atmosphere would travel
through biosphere and hydrosphere, and eventually returns to the soil in
the form of organic fertilizer, establishing a closed cycle, as illustrated in
the green lines of Fig. 1 (Cornel and Schaum 2009; Yuan et al., 2018).
However, with the growth of the global food demand, intensive agri
cultural activities are required, which unidirectionally amplifies P flow
from soil to crops (Wang et al., 2018; Yuan et al., 2018). The P depletion

in soil is compensated by P fertilizer. In addition, the need for other
P-containing products, such as detergents, flame retardants, and fire
works, is also increasing with the expanding population (Chen and
Graedel, 2016). The drastic increase of P demand accelerates the
exploitation of phosphate rock, which amplifies the P cycle, as empha
sized in the red line of Fig. 1.
Unfortunately, phosphate rock is a non-renewable resource whose
consumption pace has gone far beyond regeneration, and the P ores are
regionally imbalanced (Cordell et al., 2009). If no actions are taken, the
phosphate crisis might occur in the near future (Jasinski, 2020).
Notably, the regional P balances in Latin America and the Caribbean,
South Asia, Central and West Europe, and Oceania may lead to a
shortage in 2022, according to the world fertilizer outlook 2022 from
Food and Nations (2019).
Apart from scarcity at source, a more urgent problem is the P
enrichment in downstream water bodies. The P fertilized in farmlands
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would leach and/or run-off into water bodies with rainfall (Chen and
Graedel, 2016; Liu et al., 2020a). Meanwhile, P produced and consumed
by human society eventually enters and accumulates in water bodies
through urban sewage systems (Mayer et al., 2016). Because of the lack
of P recycling, the P will find its destiny in water bodies. Surplus P in
water bodies triggers eutrophication, causes oxygen depletion in water
bodies and further the hypoxia of aquatic organisms (Karunanithi et al.,
2015). Even though eutrophication may appear as a natural process,
today, the frequent occurrence of algae blooms is attributed to human
activities, especially the discharge of under-treated wastewater over
loaded with P because P used to be the critical limiting nutrient in these
water bodies.
Technologies have been developed to treat excess P in wastewater.
One of the most widely accepted methods is chemical precipitation.
During precipitation, reagents, such as iron, aluminum, magnesium, and
calcium salts, are dosed to form less soluble or insoluble P minerals

(Nancharaiah et al., 2016; Ye et al., 2017). Adsorption is another com
mon physicochemical method for P removal. Adsorption is easy to
operate, but requirements for adsorbents are strict, such as high stabil
ity, reusability, and P affinity (Crini et al., 2019). Commercial processes
based on physicochemical methods have been applied to remove P and
other nutrients from wastewaters (Ghosh et al., 2019; Jupp et al., 2021;
Li et al., 2019; Melia et al., 2017; Ye et al., 2017). Moreover, enhanced
biological phosphorus removal (EBPR) could concentrate P from the
liquid stream and is flexible to combine with other post-P recovery
technologies (Egle et al., 2016; Perera et al., 2019). Overall, there is
room for improvements in current P removal and recovery technologies,
such as reducing chemical input, minimizing sludge processing,
simplifying operation steps, and saving the organics consumed in EBPR
process for energy production (i.e., biogas).
In recent years, electrochemical technologies (ETs) have received
increasing attention in wastewater treatment (Garcia-Segura et al.,

Fig. 1. Simplified P cycle in modern society (unit: Tg P), data based on Chen and Graedel (2016). Green lines represent the natural P flows; red lines represent the
flows that have been amplified by human activities, the number of dot lines is negligible.
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2018; Modin and Gustavsson, 2014; Muddemann et al., 2019; Srivas
tava et al., 2020). Likewise, there is an increasing interest in applying
electrochemically mediated precipitation (EMP) as a strategy to remove
and recover P from waste streams (Cusick and Logan, 2012; Foroughi
et al., 2019; Kappel et al., 2013; Lei et al., 2017; Wang et al., 2020).
Compared to conventional methods for P recovery, including chemical
phosphate removal (CPR), adsorption, and EBPR, EMP possesses the
merits of simple operation. Moreover, chemical additions are not
required in EMP because electrochemical reactions can lead to a high pH
environment near the cathode to induce P deposition (Lei et al., 2017;
Takabe et al., 2020). More importantly, EMP recovers bioavailable P in
one process and requires no or little post-treatment. Therefore, EMP may
help establish and maintain a new and sustainable P cycle by utilizing
the P accumulated in waste streams as an alternative for mined P rocks.
Several review articles have illustrated the application of ETs in
wastewater treatment, including P removal by traditional electro
chemical process (i.e., electrocoagulation) (Feng et al., 2016; Guedes
et al., 2014; Li et al., 2020; Liu et al., 2020b; Muddemann et al., 2019;
Nancharaiah et al., 2016; Perera et al., 2019; Tabassum et al., 2021).
EMP is different from electrochemical coagulation. The latter process
applies sacrificial electrodes to release cations (i.e., Fe2+, Mg2+) to
remove phosphate, which would produce a large amount of sludge, and
the electrodes need to be replaced regularly during long-term operation.
By contrast, condensed P minerals would be produced in EMP process
and the solids can be directly collected from the cathode surface. Be
sides, EMP usually employs inert electrodes, which are not consumed
during the reaction. Other ETs, such as electrodialysis, often only
concentrate P in the wastewater. Therefore, a post-treatment is required
for electrodialysis concentrate to remove P from the solution and
recover P as an applicable product (Zhang et al., 2013). In comparison,
EMP achieves P removal and recovery in one system with one step and
without dosing chemicals. However, to the best of our knowledge, there
is no review article focusing on P removal and recovery using EMP.
Therefore, this review article aims to fill in this knowledge gap by
providing an overview of EMP developments for P removal and
recovery.
First, we critically reviewed the mechanisms and influencing factors
of EMP in P removal and recovery. Second, we emphasized the potential
of EMP in treating non-ortho P compounds. Next, we evaluated the
economic feasibility of EMP in recovering P from the perspective of
electricity consumption. Finally, we discussed the potential challenges

toward the commercialization of EMP in P removal and recovery from
wastewaters and proposed possible directions for future research.
2. The working principle of electrochemically mediated
precipitation
A typical electrochemical system consists of an anode, a cathode, and
an external power supply, as presented in Fig. 2A. EMP of P minerals is
achieved through pH elevation at the cathode surface, while phosphate
ions do not directly participate in the electrochemical reactions. At the
cathode, water molecules are reduced into H2 and OH− , leading to the
elevation of local pH (Eq. (1)). Meanwhile, cations (i.e., Ca2+) would
move towards and accumulate near the cathode due to electric migra
tion. As a result, the saturation index (SI) of P minerals would increase,
driving the formation and precipitation of P minerals on the cathode, as
shown in Eq. (2). Fig. 2B presents the SI of possible calcium phosphate
(Ca-P) in response to the rise of local pH. It is apparent that the rise of
local pH increases the SI. Moreover, the high local pH near the cathode
would reduce the solubility of P minerals (i.e., Ca-P), further boosting
the precipitation of P minerals. In this way, the precipitates can be
directly collected from the cathode, requiring no extra solid-liquid
separation process, which is required in conventional methods.
At the anode, oxidation of water generates H+, neutralizing the OH−
produced on the cathode (Eq. (3)). Therefore, while the local pH at the
cathode would increase, the bulk solution pH is not expected to change
significantly in the electrochemical systems. Moreover, the presence of
buffer ions, such as (bi)carbonate, would also stabilize the pH of the bulk
solution (Cid et al., 2018; Lei et al., 2018b). Besides, the organic com
pounds in the solution would be oxidized and even mineralized to some
extent at the anode.
Cathode: 4H2O + 4e− → 4OH− + 2H2↑
5Ca

2+

+

3HPO42−

−

+ 4OH → Ca5(PO4)3OH↓ + 3H2O
+

−

Anode: 2H2O → 4H + O2↑ + 4e

(1)
(2)
(3)

Struvite (MgNH4PO4 •6H2O) and Ca-P are the two common products
in EMP system. The struvite process possesses the advantage of simul
taneously recovering nitrogen (N) and P (Karunanithi et al., 2015).
Electrochemical struvite recovery has been studied for different waste
streams (Huang et al., 2016; Hug and Udert 2013; Wang et al., 2010;

Fig. 2. (A) Schematic view of a single chamber electrochemical cell for removing and recovering P from wastewaters, modified from Lei et al. (2017). (B) The
saturation index of possible Ca-P precipitates in an electrochemical system as a function of local pH (Lei et al., 2017) Reprinted with permission from Copyright 2017
American Chemical Society.
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Zhang et al., 2019c). However, the direct formation of struvite at the
cathode is challenging because the high local pH would favor the shift of
N species from NH4+ to NH3 (Belarbi et al., 2020; Li et al., 2021b).
Besides, a high pH environment may lead to the formation of Mg(OH)2
instead of struvite. Therefore, the current density, which regulates the
production of OH− , needs to be controlled. Wang et al. (2022) reported
that the percentage of struvite that deposits on the cathode decreased
from 91% to 18% when the current density is increased from 5.8 to 17.3
A/m2. Moreover, extra Mg2+ is usually required to achieve efficient
struvite recovery. When targeted wastewater is low in N and Mg2+
content, it is more suitable to recover P as Ca-P (Eq. (2)) (Shaddel et al.,
2019). As Ca2+ widely exists in wastewater (typically 20–120 mg/L in
domestic wastewater), there is no requirement for Ca2+ dosing in EMP of
Ca-P, especially in calcium-enriched wastewaters, such as effluent from
dairy industries (around 2200 mg/L Ca2+) (Lei et al., 2018a; Lei et al.,
2021a). Moreover, Ca-P recovered by EMP is similar in composition to
rock phosphate and, therefore, a suitable alternative P source for in
dustrial P fertilizer production without process modifications (Melia
et al., 2017). In some EMP systems, ion exchange membranes (IEMs) are
applied to prevent the neutralization of the anolyte (low pH) with the
catholyte (high pH) (Kappel et al., 2013; Perera et al., 2020). With IEMs,
the P recovery efficiency is projected to increase because the pH change
in the media expands further away from the electrodes. Meanwhile, the
low pH environment in the anode chamber can eliminate (bi)carbonate,
which can significantly improve the purity of recovered solids (Lei et al.,
2019b).

the P removal increased to over 48% in all three bulk pH conditions (4.0,
8.4, and 10.0) (Lei et al., 2017). Other studies also supported the
argument that bulk pH is not crucial in EMP. Lu et al. (2005) deliberately
controlled the bulk pH at 5.1 where Ca-P cannot be formed, but Ca-P was
collected from the cathode. Furthermore, Ca-P was successfully recov
ered in an electrochemical system treating acidic cheese wastewater
(bulk pH< 5) (Lei et al., 2021a). Lei et al. (2019b) also investigated EMP
of P minerals in domestic wastewater as a function of acidification. They
found that even with a dramatic change of bulk pH from 7.5 to 3.8, the P
removal efficiency was not much affected, decreased slightly from 55%
to 49%. Compared with the bulk pH, the local pH is more affecting the
electrochemical precipitation. According to Lei et al. (2017), the local
pH near the cathode surface can reach as high as 13.2, significantly
higher than the bulk pH. Nonetheless, the bulk pH still plays a role. It
could indirectly affect P precipitation by influencing the speciation and
even the (bi)carbonate concentration in wastewater. If the wastewater is
acidified (low pH), the (bi)carbonate concentration will decrease, which
means less carbonate will compete for Ca2+ with phosphate. In this way,
wastewater with low bulk pH could mitigate the adverse effect of (bi)
carbonate on P precipitation.
The bulk pH is expected to remain stable in EMP process, attributing
to the buffering ions in water and the neutralization of H+ generated on
the anode with OH− generated on the cathode (Perera et al., 2020).
However, Lei et al. (2017) reported a severe decrease in bulk pH in EMP
of Ca-P with synthetical solutions. This is because OH− produced at the
cathode is consumed by precipitation reactions while there are no extra
H+-consuming reactions in the system. Also, precipitation reactions
remove buffer species from the water. At high current densities (A/m2),
the generated H+ exceeded the buffer capacity of the bulk solution,
resulting in a decrease of the bulk pH (Perera et al., 2020). Lei et al.
(2019b) showed that the change of bulk pH is linked to the initial bulk
pH of treated domestic wastewater. The bulk pH of wastewater
decreased after treatment when the initial bulk pH was acidified below
6.0, while it increased when the initial bulk pH was above 6.0. This is
likely related to the loss of (bi)carbonate (buffer ions) by
pre-acidification and the depletion of OH− by CO2, Mg2+, and NH4+.
Notably, it was also reported that the bulk pH increased after electro
chemical treatment with the presence of (bi)carbonate, which would
consume the H+ generated on the anode and left the OH− accumulated
in the bulk solution (Lei et al., 2019b; Lei et al., 2018b).

2.1. The role of pH
The pH is a decisive factor that affects the precipitation of P minerals.
To differentiate, we will discuss local pH, which is the pH at the cathode
surface, and bulk pH, which is the solution pH in general, in this section.
Phosphate presents in various forms under different pH conditions, as
shown in Fig. 3A. For example, H2PO4− is the main form when pH is
below 7.2, while HPO42- becomes the predominating form when pH
exceeds 7.2 (Sø, 2011).
A high pH condition provides a higher thermodynamic driving force
for phosphate to precipitate (Lei et al., 2017). Firstly, the SI of typical P
precipitates (i.e., HAP) would elevate along with increasing pH value
because phosphate would be deprotonated, and more OH− , the com
ponents of hydroxyapatite (HAP), would be available under high pH.
Secondly, the solubility of P precipitates is lower under high pH con
ditions, which benefits the deposition of P minerals. Lei et al. (2017)
showed that 20% of 0.6 mM P was removed at an initial bulk pH of 10.0
even under open-circuit conditions in the presence of 1.0 mM Ca, while
no apparent P removal was observed at bulk pH 4.0 or 8.4.
However, in the electrochemical system, the bulk pH is less critical
than local pH because the reduction of water molecules at the cathode
raises the local pH and promotes the nucleation and growth of P crystals.
In the same experimental setup but a closed electrical circuit (3.8 A/m2),

2.2. Impact of current density
In electrochemical systems, the applied current density directly de
termines the formation rate of OH− at the cathode, regulating the pre
cipitation of P minerals. The P removal percentage increases with
elevating current density because high current density would promote
OH− production at the cathode, aiding P precipitation, as shown in
Fig. 4A (Lei et al., 2019b; Lei et al., 2021a; Lei et al., 2021b; Perera et al.,
2020; Takabe et al., 2020; Zhang et al., 2021). However, when the

Fig. 3. The change of phosphate and carbonate speciation as a function of pH condition.
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Fig. 4. (A) Change of P removal with current density. (B) The Ca-P precipitates recovered at different current density: (a) 3.8 A/m2, (b) 13.1 A/m2, (c) 27.6 A/m2, (d)
50.4 A/m2(Batch operation, 11.7 mg/L P) (Perera et al., 2020) Reprinted with permission from Copyright 2020 Elsevier.

current density exceeds a certain value, the P removal percentage would
maintain stable, as in the case of Lei et al. (2021a) and Zhang et al.
(2021). The reason could be that there was too little P in the solution to
be deposited as the P removal percentage was over 90% after the current
density reached 40 A/cm2. Another reason could be that the precipita
tion layer formed on the cathode hindered the P diffusion towards the

cathode surface.
Interestingly, a porous structure (Fig. 6C), which is created by H2
generated on the cathode, was observed on the precipitation layer, and
may assist P diffusion towards the cathode surface. In the study of
Takabe et al. (2020), the P removal percentage slightly decreased after
the current density surpassed a certain level (Fig. 4A). The limiting
5
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factor was the strong electrostatic repulsion between the cathode and
phosphate at a very high current density. Moreover, the ortho P removal
in the study of Takabe et al. (2020) was significantly lower than the
other studies, indicating high current density (over 80 A/m2) could
hinder the precipitation of P minerals. Therefore, a low current density
condition is favored during P recovery for both P removal and energy
consumption. Additionally, the initial P removal rate would be affected
by the applied current density. Cid et al. (2018) found that the P removal
rate was increased from 0.05 to 0.13 mg/(L•s) when the current density
was increased from 26 to 150 A/m2 (batch operation, 18.6 mg/L P).
The applied current density could also affect the size and composi
tion of precipitates. Perera et al. (2020) found the size of precipitated
particles decreased with increasing current density from 3.8 to 50.4
A/m2, as presented in Fig. 4B. This is explained by the increased pH and
SI of P minerals with increased current density, which results in
preferred nucleation over growth for the crystallization process (Lu
et al., 2005; Nielsen, 1969). However, small size precipitate would
hinder the separation process and lead to low P recovery, as shown in
Fig. 4A, supporting the argument that a low current density condition
favors the P recovery. Moreover, Lei et al. (2018b) observed that
amorphous calcium phosphate (ACP) was formed under 1.9 A/m2 while
HAP was found under 18.9 A/m2 (batch operation, 18.6 mg/L P). Un
fortunately, the relative abundance (RA) of Ca-P in recovered solids
decreased with the increasing current density. When electrochemical P
recovery was performed at a low current density of 0.2 A/m2, almost
none Mg(OH)2 and only limited CaCO3 were formed. Lei et al. (2020a)
reported that a current density as low as 0.04 A/m2 could trigger Ca-P
precipitation at the cathode. Therefore, from the perspective of both
removal efficiency and product purity, a very high current density is not
desirable. Although with high current density, the removal kinetics can
be enhanced, and the treatment time can be shortened, the purity of
recovered products regarding P content may be reduced, and the specific
energy consumption may be increased.

biofilms on the anode, which oxidize soluble organic compounds in the
bulk solution and release electrons to the anode (Logan et al., 2008;
Logan et al., 2006). Thus, organic compounds act as electron donors in
the BES instead of water as in abiotic electrochemical systems. The
electrons are then transferred to the cathode through an external circuit
to support the reduction reactions. At the cathode, either oxygen is
reduced to water (oxygen reduction reaction, ORR) in a Microbial Fuel
Cell (MFC), or H+/water are reduced to H2 gas (hydrogen evolution
reaction, HER) in a Microbial Electrolysis Cell (MEC), elevating the local
pH (Cusick et al., 2010). Fig. 5A is an example of a single chamber
bioelectrochemical reactor. An external power supply is required to
drive the nonspontaneous reactions (i.e., HER) at the cathode. The en
ergy demand for bioelectrochemical mediated P precipitation was
significantly reduced compared to that of abiotic electrochemical pre
cipitation (Ichihashi and Hirooka, 2012; Yuan and Kim, 2017). More
over, BES can effectively avoid the formation of chlorinated organic
compounds, which are highly toxic to living organisms (Lei et al.,
2019a).
Researchers have explored the possibility of BES in recovering P.
Fischer et al. (2011) demonstrated that MFC could enable P recovery
from digested sewage sludge. However, in their concept, the MFC was
only used to dissolve and release phosphate from iron phosphate. Extra
chemicals (magnesium and ammonium salts) and additional pH ad
justments were still required to achieve P recovery eventually. Later,
Ichihashi and Hirooka (2012) and Hirooka and Ichihashi (2013) inves
tigated the potential of a single chamber air-cathode MFC on P removal
and recovery. In the study of Ichihashi and Hirooka (2012), swine
wastewater was flowing through two MFCs in a fed-batch mode. The
results suggested that around 70–82% P was removed in each MFC. In
the study of Hirooka and Ichihashi (2013), P in artificial wastewater was
removed at the range of 19–55% as struvite, depending on the concen
trations of lattice ions (Mg2+ and NH4+). The two studies proved the
achievability of P removal and recovery in BES. In MEC, the P removal
effectiveness and the P precipitation rate increased with current density
(Blatter et al., 2019; Cusick and Logan, 2012; Lei et al., 2019a; Wang
et al., 2019; Wang et al., 2020). Pepè Sciarria et al. (2019) compared the
P recovery effectiveness in a digestate by MEC and MFC, respectively. It
was observed that MFC resulted in 10–15% higher removal of P than
MEC (a fixed voltage of 1.07 V was applied).
In typical domestic wastewater, the amount of readily biodegradable
organic carbon is inadequate for microbes to provide sufficient electric

2.3. Impact of cell configuration
2.3.1. Exploration of bioanode
In abiotic electrochemical systems, P precipitation is driven by
external current, which generally results in high energy consumption.
To reduce energy consumption, bioanodes could be applied. In a typical
bioelectrochemical system (BES), exoelectrogenic microbes grow as firm

Fig. 5. (A) Configuration of the bioelectrochemical reactor. Oxidation reactions occur on the bioanode to break down soluble organic compounds and release
electrons, which are transferred onto the cathode to participate in reduction reactions. The dotted V symbol represents that BES could work with or without external
supply. If H2 is generated, a power supply is needed due to the Gibbs free energy requirements of the HER. But the power supply is not required for an MFC where
oxygen reduction reaction occurs under neutral conditions (O2 + 4e− + 2H2O → 4OH− ). (B) Graphite felt/fibers with platinum coated Ti mesh/wires are popular
bioanode materials (Lei et al., 2019a). Reprinted with permission from Copyright 2019 American Chemical Society (CC-BY-NC–ND license).
6

Y. Wang et al.

Water Research 209 (2022) 117891

current and a high enough Coulombic Efficiency for a complete P re
covery (Yuan and Kim, 2017). Therefore, supplementary organic com
pounds are usually spiked in bioelectrochemical reactors when treating
actual wastewater (Cusick and Logan, 2012; Hirooka and Ichihashi,
2013). The P recovery would increase with elevating organic com
pounds (Almatouq and Babatunde, 2016; Lei et al., 2019a). However,
adding organic compounds is a challenge for application because it in
creases the overall cost substantially and could cause unexpected in
teractions in the water matrix.
Membranes are used in (bio)electrochemical systems to separate the
anodic and the cathodic chamber, which could effectively improve P
removal effectiveness (Fischer et al., 2011; Tao et al., 2014). Ye et al.
(2019a) obtained a P recovery from 24.4% to 83.2% in a CEM-contained
MEC. Similarly, Wang et al. (2020) applied three types of membranes
(bipolar membrane, AEM, and CEM) in a MEC and recovered over 80%
of P (5 mM) in the form of Ca-P. Notably, Ye et al. (2019b) tested three
types of membranes (CEM, forward osmosis membrane, and nonwoven
membrane) and found that MFC with CEM had the best P removal
effectiveness (95%). However, the use of membranes could trigger
problems, such as membrane fouling and high internal resistance of the
reactor, which could lower energy efficiency and increase the cost
(Blatter et al., 2020; Cusick et al., 2014; Happe et al., 2016; Kumar et al.,
2019; Marassi et al., 2020).

Fig. 6. (A) SEM image of struvite crystal growth on SSM (Cusick and Logan
2012). (B) SEM image of Ca-P growth on graphite (Lei et al., 2020a). (C) SEM
image of holes in Ca-P precipitates created by H2; (D) Real images of dried
precipitates at Ti cathode (Lei et al., 2019d). Reprinted with permission from
Copyright 2011 Elsevier, Copyright 2019 Elsevier, and Copyright 2019 Amer
ican Chemical Society.

CaCO3 instead of neutralizing with OH− , leading to an accumulation of
OH− even in the bulk solution and releasing Ca2+ for the precipitation of
Ca-P (Eq. (4)). Consequently, Ca-P would precipitate on the cathode,
and on the surface of CaCO3 particles, and even in the solution. Simi
larly, siderite (FeCO3), magnesite (MgCO3), and dolomite (CaMg(CO3)2)
were packed in the electrochemical cell to assist the precipitation of
ferric phosphate, struvite, and other P-containing products, respectively
(Chen et al., 2021; Li et al., 2021a; Li et al., 2021b).

2.3.2. Design of cathode
In membrane-less EMP, the cathode is where the precipitation of P
minerals occurs. Therefore, the cathode design plays an important role
in the removal and recovery of P. Firstly, the surface area of the cathode
would affect P removal efficiency as well as the purity of the recovered
product. Cusick and Logan (2012) reported that the P recovery as stru
vite with stainless-steel mesh (SSM, 19 cm2) and stainless-steel foil (SSF,
7 cm2) was similar when the applied voltage ranged from 0.75 to 0.90 V.
In this voltage range, the output current may be the limiting factor
instead of the electrode area. However, when the voltage was increased
from 0.90 to 1.05 V, SSM gave higher P recovery (40%) than SSF (26%)
due to its larger surface area. In contrast, Yuan and Kim (2017) argued
that SSF would perform better when there was a large amount of P to
recover. They tested the performance of single SSM, multiple SSM, and
SSF as the cathode in MEC and found that the P recovery was lower with
SSM cathode, although the P removal was not affected. The possible
reason is that the size of struvite crystals was too small to be collected
from the open spaces in SSM. Besides, Lei et al. (2018a) tested titanium
plate cathode with three different surface areas (4, 16, and 36 cm2)
under the same current supply. They observed that the formation of Ca-P
significantly increased with the cathode area. A larger surface area fa
vors the formation of Ca-P because the generation of both Mg(OH)2 and
CaCO3 can be limited under low current density (Lei et al., 2020a).
Notably, when a large specific surface area is required, carbon-based
materials (i.e., graphite felt) are better alternatives than traditional ti
tanium plates (Lei et al., 2020a). Fig. 6 shows the images of the pre
cipitation of P minerals on different types of cathode.
Apart from the surface area and the material, the gap between
electrodes also matters. Lei et al. (2019d) studied P removal at different
anode and cathode distances (0.5, 3.0, and 6.0 cm). While the P removal
efficiency was not affected by the anode and cathode distance under a
constant current mode, a smaller gap could significantly reduce the cell
potential (from 4.6 V to 3.4 V), so as the energy consumption. Besides,
Li et al. (2021a) stated that cell potential plays a more important role in
P recovery than electrode distance. Moreover, the electrode gap would
influence the recombination of cathode-produced OH−
with
anode-produced H+, affecting the utilization rate of OH− for precipita
tion. Lei et al. (2019c) proposed a simple yet efficient way to deal with
the acid-base neutralization issue in electrochemical systems by intro
ducing CaCO3 particles into the electrochemical cell to fill up the space
between the anode and the cathode, as presented in Fig. 7A (Lei et al.,
2019c). When H+ is produced at the anode, it would firstly react with

CaCO3 + 2H+ → Ca2+ + CO2↑ + H2O

(4)

Automatic product collection could be achieved through intelligent
cathode design. P precipitates could be redissolved and detached from
the cathode by temporarily reversing the polarity of the platinized ti
tanium anode and cathode (Perera et al., 2020; Takabe et al., 2020).
Perera et al. (2020) and Takabe et al. (2020) reported that 3 min polarity
reversal was enough to detach the whole P precipitates from the "new
anode". The H+ generated at the new anode (former cathode) would
dissolve part of the precipitates and reduce the adhesion of crystals to
the new anode. Besides, oxygen produced on the new anode may help
the detachment and sedimentation of deposits. Other cell designs could
also benefit the collection of precipitates. Varigala et al., 2021 adjusted
the reactor into a hopper shape coupled with a suction pipe, collecting
sediments without interrupting operation, as shown in Fig. 7C. Notably,
Lei et al. (2021b) designed a scalable column-shaped electrochemical
reactor that consists of a tubular stainless-steel cathode, as presented in
Fig. 7B. Although the anode and cathode were placed vertically against
each other, the precipitates did not fall off from the cathode surface over
173 days of continuous operation.
2.4. Impact of water matrix
Given the complexity of actual wastewater, it is crucial to test the
performance of EMP system for P recovery in both synthetic solutions
and real wastewater to understand the uncertainty of wastewater
characteristics and eventually predict how the water matrix would affect
P precipitation in the electrochemical system.
2.4.1. Phosphate concentration
The initial phosphate concentration in wastewater is crucial for
applying EMP in recovering P (Lei et al., 2019d; Lei et al., 2020b; Lei
et al., 2017; Zhang et al., 2021). Li et al. (2021a) and Chen et al. (2021)
7
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Fig. 7. (A) Mechanism of calcium carbonate packed electrochemical precipitation column (Lei et al., 2019c). (B) Diagram of scalable column-shaped electrochemical
reactor with a tubular stainless-steel cathode (Lei et al., 2021b). (C) Design of hopper-shaped electrochemical reactor with a suction pipe (Varigala et al., 2021).
Reprinted with permission from Copyright 2019 American Chemical Society, 2021 Elsevier, and 2020 Wiley Periodicals.

observed that the P recovery rate increased with initial P concentration.
On the contrary, Yuan and Kim (2017) illustrated that P recovery
dropped with increasing phosphate concentration, which may be related
to the cathode structure (SSM) that cannot hold a large number of
struvite crystals. From this perspective, a different cathode type should
be used, or precipitates produced in the system should be collected
regularly to maintain a high P recovery. Wang et al. (2020) investigated
P removal as a function of phosphate concentration (61.9 to 464.6
mg/L) in a MEC system. After 8 hours’ reaction, they observed that P
recovery exceeded 80% with 61.9 mg/L phosphate, while P recovery
was around 50% with 154.9 mg/L phosphate and below 50% with 309.7
and 64.6 mg/L phosphate. It is worth mentioning that a high concen
tration of H2PO4− may lower the local pH via its buffering capacity.
Likewise, Lei et al. (2021b) reported that the P removal efficiency
increased with dilution in electrochemical P recovery from cheese
wastewater which has a P concentration as high as 789 mg/L. However,
the P removal rate decreased dramatically from 1194 to 207 mg P/day.

showed a reduced P removal from 51.9% to 24.6% when (bi)carbonate
concentration was increased from 1.0 to 10.0 mM (pH is around 8.0).
However, if the (bi)carbonate concentration is low (1.0 or 3.0 mM), the
P removal efficiency was promoted by 7.1% and 7.6%, respectively. This
is because a low (bi)carbonate concentration is beneficial to establish a
high local pH environment near the cathode while not reducing free
Ca2+ significantly. The (bi)carbonate speciation is highly pH-dependent
(Fig. 3). Therefore, the adverse influence of (bi)carbonate may be
reduced by adjusting pH. Lei et al. (2019b) showed that when adjusting
wastewater pH from 7.5 to 3.8, the calcium carbonate formation
significantly decreased, but the P removal remained around 50%.
Magnesium (Mg) in water can form multiple precipitates, such as
brucite (Mg(OH)2), dolomite, and struvite in the presence of ammonium
and phosphate (Lei et al., 2019b; Takabe et al., 2020). In electro
chemical systems, Mg2+ moves to the cathode due to mass diffusion and
electromigration, forming Mg(OH)2, the governing magnesium species
in the recovered precipitates (Lei et al., 2019b). Moreover, Mg2+ can
substitute Ca2+, incorporating into Ca-P structure, or being adsorbed
onto HAP crystals (Cao and Harris, 2008). Furthermore, the presence of
Mg2+ may influence the growth rate and the solubility of HAP (Cid et al.,
2018). Lowering the amount of Mg precipitates is possible through pH
adjustment and current density control (Lei et al., 2019b).
Natural organic matter (NOM), such as humic acid and fulvic acid, is
ubiquitous in water bodies and soil. Lei et al. (2018c) studied the in
fluence of three types of NOM (Suwannee River NOM, Nordic Lake
NOM, and Pony Lake NOM) on P removal during electrochemical
treatment. Overall, NOM improved Ca-P precipitation on the cathode
surface to some extent, mainly via physical co-precipitation with Ca-P
after balancing its negative effect on free Ca2+ availability in the bulk

2.4.2. Interaction with coexisting substances
The purity of recovered P minerals mostly depends on phosphate
concentration. Lei et al. (2019a) demonstrated that an increase of
phosphate concentration from 0.23 to 0.76 mM results in increased RA
of Ca-P from 21wt% to 66wt%. However, in typical domestic waste
water, the (bi)carbonate concentration is significantly higher than
phosphate. The (bi)carbonate concentration in wastewater would affect
P removal efficiency and the quality of recovered P products. CO32−
would compete for Ca2+ to form CaCO3 and carbonate-substituted HAP
(Cid et al., 2018; Lei et al., 2017). Takabe et al. (2020) observed that
about 34% Ca2+ was removed in the form of CaCO3. Lei et al. (2018b)
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solution. In addition, the studies of Kappel et al. (2013) and Lei et al.
(2018c) indicated that NOM could slow down the formation of crystal
line Ca-P. Lei et al. (2018c) also found that the co-precipitation of NOM
with Ca-P alters the color of recovered solids. The color intensity in
creases with the increase of NOM concentration.

period (105 days), the ortho-phosphate concentration increased initially
in the effluent, indicating the transformation of organic P into
ortho-phosphate which is likely due to microbial degradation (Nan
charaiah et al., 2016). Later, the ortho-phosphate concentration
decreased in the effluent, probably due to EMP of P minerals, as crystals
were observed on the cathode surface.
Zhang et al. (2019a) designed a single-compartment photo
electrocatalytic cell (PEC) with TiO2/Ni− Sb− SnO2 (TNA/NSS) bifunc
tional photoanode and activated carbon fiber (ACF) cathode to treat
hypophosphite-loaded (see Fig. 8C) wastewater. As illustrated in
Fig. 9B, at the anode, photoelectrocatalytic reactions generate Fe3+
(from Fe2+), active oxidants (i.e., hydroxyl radical and ozone) and
electrons. The active oxidants convert hypophosphite into
ortho-phosphate, which would form insoluble iron phosphate with Fe3+.
Moreover, H2O2 can be produced at the cathode, enhancing the oxida
tion of hypophosphite. In the tested PEC, 1.0 mM hypophosphite was
entirely oxidized at 3.0 V with 3.0 mM Fe2+ addition (Zhang et al.,
2019a). The authors assessed the efficiency and the economic aspect of
the PEC system for treating hypophosphite enriched real electroless
nickel plating effluents. They concluded that P could be effectively
recovered in the form of FePO4 at a lower cost compared to the con
ventional Fenton process. Even though this system removes non-ortho P
in a single-step treatment, the product cannot be used directly as fer
tilizer because of the low P bioavailability of iron phosphate.
Several factors affect the performance of EMP in removing and
recovering non-ortho P. Firstly, the anode material determines the
transformation effectiveness of non-ortho P into ortho-phosphate. Lei
et al. (2020b) compared three types of anode materials and elucidated
that the oxidation efficiencies are in the order of Ru-Ir > Pt-Ir > Pt.
Similarly, TNA/NSS generate HO⋅, a powerful oxidant near the anode,
improving the evolution of ortho-phosphate (Zhang et al., 2019a).
Secondly, coexisting ions and substances in wastewater affect the system
efficiency. Lei et al. (2020b) elucidated that chloride ion has a positive
effect on non-ortho P conversion due to the formation of chlorine. In the
photoelectrochemical system designed by Zhang et al. (2019b), nitrate
and NOM enhanced non-ortho P removal because they are
photo-sensitizers and could promote the formation of HO⋅. In contrast,
(bi)carbonate shows a negative impact because it scavenges HO⋅. Lastly,
the solution pH may influence the anodic reactions. A better P recovery
was observed under acidic conditions because it is beneficial to HO⋅
generation (Zhang et al., 2019a; Zhang et al., 2019b).

3. Non-ortho phosphorus
Next to ortho-phosphate, electrochemical systems can also remove
and recover P from non-ortho P compounds, including phosphonates,
organic phosphorus, and hypophosphite (Fig. 8). Non-ortho P is widely
found in aquatic ecosystems as one of the leading P fractions (Brooker
et al., 2018). In water bodies, non-ortho P can be photochemically or
microbiologically decomposed and transformed into more active
ortho-phosphate, contributing to the eutrophication of water bodies
(Zhang et al., 2019b). However, technologies mainly focus on the
removal and recovery of ortho-phosphate. Only a few studies have
investigated the potential of recovering P from non-ortho P. Biological
processes, ozonation, advanced oxidation process, and ion exchange
resins have been applied to remove and, to a less extent, recover P from
non-ortho P. Chemical processes have been developed to enhance the
removal of non-ortho P. Pocostales et al. (2010) successfully degraded
organic P with ozone. Besides, microwave-activated peroxide, gener
ating hydroxyl radicals, was applied to convert organic P into
ortho-phosphate, which can be concentrated and recovered through
post-treatment (Gifford et al., 2015; Pocostales et al., 2010). In addition,
UV technology has been developed to convert organic P into
ortho-phosphate through either direct photolysis or indirect photo
degradation by reactive oxygen species (Rott et al., 2017; Sindelar et al.,
2016; Sun et al., 2019; Zhang et al., 2019b). Based on previous studies, it
can be concluded that P recovery from non-ortho P compounds is a
two-step process. Firstly, non-ortho P needs to be converted into
ortho-phosphate, and then the converted ortho-phosphate is removed or
recovered through approaches developed for ortho-phosphate.
Lei et al. (2020b) recovered Ca-P from synthetic wastewater loaded
with organic P (Nitrilotris, see Fig. 8A) using a single cell electro
chemical system with Pt anode and Ti cathode. As shown in Fig. 9A,
organic P was converted to ortho-phosphate by anode or
anode-mediated
oxidation.
Subsequently,
the
converted
ortho-phosphate precipitated with calcium ions on the cathode surface,
where a high pH environment was established by water reduction.
Additionally, Lei et al. (2020b) found that the recovery performance was
better in actual wastewater than in model solutions. This is because
chloride ions in real waste streams result in the formation of reactive
chlorine species (i.e., ClO− ), which can facilitate the oxidization of
organic P. Subsequently, Zhang et al. (2021) again proved the possibility
of one-step P recovering from phosphonates (EDTMP, Fig. 8B) in an
electrochemical cell with synthetic wastewater.
Furthermore, Marassi et al. (2020) investigated the continuous flow
treatment of dairy wastewater in a 2.8 L air-cathode MFC. The MFC cell
realized 90% removal of organic P. During the long-term operation

4. Economic assessment
Table 1 presents an economic comparison of different electro
chemical systems towards P removal and recovery regarding specific
electricity consumption. In theory, the electricity consumption of
recovering ortho phosphate can be as low as 0.3 $/kg in the electro
chemical system while 0.22 $/kg in the BES, assuming the electricity
price is 0.1 $/kWh (Kappel et al., 2013; Wang et al., 2020). If taking the
cost of chemicals into consideration (Ca2+ addition), the total cost of

Fig. 8. Molecular structures of different types of non-ortho P compounds. (A) Nitrilotris, N[CH2PO(OH)2]3; (B) EDTMP, C6H20N2O12P4; (C) Hypophosphite, H2PO2− .
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Fig. 9. (A) Principle of electrochemical P removal and recovery from non-ortho P compounds, modified from Lei et al. (2020b). (B) Demonstration of a
single-compartment photoelectrocatalytic cell (PEC) (Zhang et al., 2019a). Reprinted with permission from Copyright 2019 American Chemical Society.
Table 1
The economic evaluation of P removal and recovery by EMP of P minerals under different operational conditions, cell configurations, and types of wastewaters (blue
tables represent electrochemical systems, orange tables represent non-ortho P treatment, and green tables represent BES).
Type of wastewater

Description

Current
density (A/
m2)

Product

P removal
(%)

Energy
consumption
(kWh/kg P)

Note

Reference

Cheese wastewater, 789
mg/L ortho P
Cheese wastewater, 780
mg/L ortho P
Synthetic wastewater, 62
mg/L ortho P

Tubular-shaped stainless-steel
cathode
Pt-coated Ti cathode

1.9–7.5

Ca-P

27.0–65.2

Continuous

7.5

Ca-P

40–79%,
HRT: 36 h
92.7%, 96 h

64.7

Batch

Ti cathode

3.1

Struvite

90%, HRT:
0.5 h

12.5

Synthetic wastewater, 31
mg/L ortho P
Domestic wastewater, 8.0
mg/L ortho P
Synthetic wastewater, 11.7
mg/L ortho P

Ti cathode

3.1

93%, 0.5 h

23.2

GF-Pt-Ti cathode

0.2

P-N
precipitates
Ca-P

70%, 96 h

26.4

Continuous,
packed magnesite
particles
Continuous,
packed dolomite
Batch

(Lei et al.,
2021b)
(Lei et al.,
2021a)
(Li et al.,
2021a)

A three-chamber
electrohydromodulation, graphite
plate cathode
Ti cathode

3.8–50.4

Ca-P

79–94%,
0.5–6 h

63.4–202.5

Batch

1.4–27.8

Ca-P

110–2238

Batch

Pt-Ti anode, Ti cathode

3.5

Ca-P

29–61

Continuous,
packed CaCO3

Sequential batch reactor with
stainless steel cathode
Ti cathode

26

Ca-P

44–72%, 24
h
28–87%,
HRT:
2.1–6.3 h
50%, 5 h

4399

Batch

3.8

Ca-P

42.8%, 24 h

457

Batch

Steel cathode

4.6

Ca-P

70–95%, 1 h

Batch

Ti cathode

20

Ca-P

74%, 0.75 h

3.0–12.6 (in
theory)
2050

A photo electrochemical cell with
ACF cathode

91

Fe-P

> 90%, 12 h

41.0

Batch, FeSO4 cost:
5.2 $/kg P

Two anodes (steel and MMO) and
stainless-steel cathode
A four-chamber MEC with
stainless-steel mesh cathode
A single cell MEC with Pt-coated Ti
or Ti cathode

250

Fe-P

74.3%, 1 h

180.3

0.72–1.03

Ca-P

80%, 16 h

2.2

1.1–6.6

Ca-P

20–74%, 24
h

21–247

Batch, oxidation
and coagulation
Batch, Ca2+ cost:
0.69–1.06 $/kg P
Fed-batch, NaAc
supply: 1–10 mM

A single cell MEC with SSF cathode

1.2 V (fixed
voltage)
0.8–2.4

Struvite

79–92%, 168
h
70–85%,
192 h

2.4–109

Fed-batch

6.5–10

Fed–batch

Domestic wastewater, 7.7
mg/L ortho P
Synthetic wastewater, 18.6
mg/L ortho P
Toilet wastewater, 18.6
mg/L ortho P
Domestic wastewater, 7.8
mg/L ortho P
Nanofiltration concentrate,
23 mg/L ortho P
Cooling circulating water,
8.6 mg/L TP
Electroless nickel plating
effluents, 708 mg/L
H2PO2−
Synthetic wastewater, 80
mg/L HPO32−
Synthetic wastewater, 155
mg/L ortho P
Domestic wastewater and
spiked extra P, 7.1 and
23.6 mg/L ortho P
Dewatering concentrate,
13.3 mg/L ortho P
Secondary digester effluent,
46 mg/L ortho P

A MEC with fluidized bed stainless
steel cathode

Struvite

10

Batch

(Li et al.,
2021b)
(Lei et al.,
2020a)
(Perera
et al., 2020)
(Lei et al.,
2019d)
(Lei et al.,
2019c)
(Cid et al.,
2018)
(Lei et al.,
2017)
(Kappel
et al., 2013)
(Zhang
et al., 2021)
(Zhang
et al.,
2019a)
(Liang et al.,
2019)
(Wang et al.
2020)
(Lei et al.,
2019a)
(Yuan and
Kim 2017)
(Cusick
et al., 2014)
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electricity and chemical in the study of Wang et al. (2020) (0.91 $/kg P)
is still comparable with mined phosphate rock, which is around 0.80
$/kg P excluding transportation costs (Kappel et al., 2013). Addition
ally, the energy cost of electrochemical P recovery is comparable to CPR
(2.6–10.4 $/kg P) (Daneshgar et al., 2019). These preliminary com
parisons indicate that EMP possesses a high potential for recovering P.
Even though the treatment of non-ortho P generally requires more en
ergy, the electricity demand could be reduced by combining (bio)elec
trochemical systems with other technologies, such as photocatalysis
(Liang et al., 2019; Zhang et al., 2021; Zhang et al., 2019b). Therefore, it
is economically possible to include EMP in the current
wastewater-treatment system for removing and recovering P. However,
the existing studies on the economic evaluation of the EMP of P minerals
mainly consider energy (electricity) consumption, while other costs for
scale-up systems, such as electrode materials, reactor materials, and
maintenance cost, are not taken into consideration.
Fig. 10 illustrates the impacts of phosphate concentration, the type of
P (ortho or non-ortho, organic or inorganic), the type of electrochemical
system (abiotic or biotic, with or without membranes), and the current
density on the energy consumption in electrochemical P removal and
recovery. The energy consumption largely depends on the phosphate
concentration. Overall, systems treating low P-containing wastewater
consume more electricity. The typical case is that the electricity con
sumption per kg Ca-P between the study of Lei et al. (2017) and Perera
et al. (2020) was significantly different even though the same current
density was applied (3.8 A/m2). This is due to the much lower P con
centration in the former study. Moreover, membranes were used in the
study of Perera et al. (2020), which reduced energy consumption
because it can more effectively increase the cathodic pH and lead to
better precipitation efficiency. Likewise, similar current density was
used in the study of Lei et al. (2019c) and Li et al. (2021b), yet less
energy is consumed compared to the previous two studies, resulting
from the relatively high initial P concentration and the presence of
CaCO3 or CaMg(CO3)2 particles. Additionally, Lei et al. (2021b) eluci
dated that the system’s energy consumption increased with the dilution

of P-enriched wastewater, pointing out the importance of performing P
recovery from raw, undiluted cheese wastewater. When P concentration
is too low (typically < 10 mg/L), the electricity consumption of EMP for
P recovery is too high to be considered for real applications (Lei et al.,
2019a; Lei et al., 2019d). Previous studies on cost evaluation in P re
covery via chemical precipitation suggested that the cost is acceptable
when the PO4-P concentration is above 50 mg/L (Zhang et al., 2013).
The type of P also affects the associated energy consumption. The
recovery of organic P usually demands higher energy consumption
because it requires a high energy input to break the molecule structure,
as shown in the study of Zhang et al. (2021) where 2050 kWh was
consumed per kg P. The treatment of inorganic non-ortho P (i.e.,
H2PO2− ) may consume less energy. Zhang et al. (2019b) reported that
recovering P from 708 mg/L electroless nickel plating effluents with
91.0 A/m2 current supply only needed 41.0 kWh/kg P. However, due to
limited studies, it is hard to draw a solid conclusion regarding the energy
consumption in electrochemical P recovery from inorganic
non-ortho-phosphate. Future studies with a wide range of non-ortho-P
compounds and concentrations should be performed to draw a
convincing comparison between the energy consumption in recovering
non-ortho-P compounds.
BES requires less energy input than abiotic ones due to the genera
tion of electrons from exoelectrogenic microbes. Lei et al. (2019a) and
Lei et al. (2019d) used bioelectrochemical and abiotic electrochemical
systems to treat domestic wastewater, respectively, and the specific
energy consumption of the bio-system (69 kWh/kg P) was lower than for
the abiotic system (110 kWh/kg P). Moreover, the electricity con
sumption in the studies of Wang et al. (2020) and Cusick et al. (2014),
which relied on bioelectrochemical functions, was the lowest. Notably,
in the study of Cusick and Logan (2012), the overall energy efficiency of
the MEC (H2 production vs. electricity and substrate input) is 73 ± 4%,
which indicates that high overall energy efficiency is achievable if the
H2 production could be maintained in the (bio)electrochemical system.
BES holds great potential in reducing energy consumption, but it often
requires additional carbon sources and its working conditions are

Fig. 10. Energy consumption of (bio)electrochemical system under various conditions based on literature data (▴ represents electrochemical cells; ⬛ represents
bioelectrochemical cells; ⬤ represents (bio)electrochemical cells with membranes or packed with ores; ◆ represents non-ortho P treatment) (numbers by the
symbols are "initial P concentration, unit: mg/L).
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stricter than abiotic systems.
A higher current density (power input) leads to higher energy con
sumption, as presented in the study of Lei et al. (2019d) and Lei et al.
(2017). Interestingly, in the study of Cusick et al. (2014), the specific
energy consumption at 0.8 V and 1.0 V was similar (6.6 kWh/kg P)
because the increased precipitation rate compensated for the increased
energy input. However, at 1.4 V, the improved precipitation rate was not
sufficient to offset the energy input, leading to enhanced energy con
sumption (10.0 kWh/kg P). This is due to the formation of crystals on the
cathode, which builds a layer and impedes the migration of water/H+,
thus increasing the electrical resistance. Therefore, measures such as
regularly harvesting precipitates are required to stabilize the energy
efficiency when operating electrochemical P recovery at a higher cur
rent density. The electrode configuration also influences the energy
consumption of the systems. Lei et al. (2019c) used CaCO3 to fill up the
gap between anode and cathode to treat synthetic wastewater (18.6
mg/L P) with 3.5 A/m2 current supply, and the electricity consumption
was as low as 29 kWh/kg P.
Notably, all economic assessments mentioned above excluded the
cost of electrodes, membranes, and other constructive facilities. Plat
inum Group Metal (PGM) coated electrodes (anode) are usually applied
in electrochemical systems. This increases the CAPEX of EMP systems
significantly when scaling up. The noble metal coated electrode may be
replaced with cheaper materials (i.e., graphite), but the durability of
non-noble metal electrodes in long-term operation needs further inves
tigation. Consequently, alternative electrode materials or better utili
zation of PGM coated electrodes should be investigated before scaling
up. Furthermore, the use of membranes in electrochemical systems is
also a concern because of its monetary cost and maintenance since
problems (i.e., fouling and scaling) frequently occur when treating
actual wastewater (Barua et al., 2019; Bhambri and Karn, 2020; Kumar
et al., 2019; Marassi et al., 2020).
EMP technologies can recover P in a desirable form without extra
chemical dosing, such as Ca-P that can be directly reused as fertilizer.
Besides, other valuable by-products can be generated in the electro
chemical system, such as hydrogen, which can be captured and utilized
to compensate for the energy consumption e.g. as electron donor at the
anode (Kuntke et al., 2017). However, the possible monetary reward
from by-products has not been systematically studied in the discussed
literature. Further research is therefore recommended to assess the total
value of electrochemical systems for P recovery. Ideally, an in-depth life
cycle assessment, which considers the cost of constructive facilities, the
maintenance, the benefit from by-products, and the greenhouse gas
footprint, should be performed.

obtain precipitates while minimizing disturbance on the treatment, such
as the hopper reactor design and polarity reversal (Takabe et al., 2020;
Varigala et al., 2021). However, innovative product collection designs
are still desired, such as detachable electrodes, an automatic scrapper,
and the sudden increase of current to detach deposits from the cathode.
The implementation of electrochemical P recovery is casedependent. The wastewater matrix needs to be well-evaluated before
considering the application. According to existing studies, electro
chemical precipitation is advisable for treating P-rich wastewater, such
as dairy wastewater and toilet wastewater. Acidic wastewater is favored
because it reduces the co-precipitation of CaCO3 and enhances the purity
of recovered products. A database for the wastewater matrix and the
corresponding system could be established for research purposes and
system optimization. In some industrial wastewaters, such as metal
plating industries, non-ortho P (i.e., hypophosphite) may be the domi
nant P species. In such cases, electrochemical systems would be a better
and promising alternative. However, systematic studies are required to
identify the efficiency, energy consumption, and limitations of the EMP
process towards the removal and recovery of P from non-ortho P.
The economic assessment in this paper only considered electricity
consumption, which only accounts for part of the system’s cost. Solely P
recovery could be expensive compared to commercial P production from
phosphate rock. Therefore, integrating EMP of P minerals into the cur
rent wastewater treatment scheme or with other technologies could be a
way to compensate for the P recovery cost. For example, P recovery
could be combined with pollutants removal and H2 or biogas production
(Ding et al., 2021; Kuntke et al., 2017; Song et al., 2021). Moreover, the
reactor could be redesigned to utilize by-products better. For example, in
electrochemical systems, reactive chlorine species can be formed in the
presence of chloride ions, which could function as disinfectants. Vari
gala et al., 2021 used chlorine produced in electrochemical cells for
on-site disinfection of treated blackwater.
Ultimately, the acceptance of the recovered product should be
considered. Even though P recovered from wastewater usually is cleaner
than P rock, it may cause concerns from public and fertilizer manufac
turers, especially when the product is recovered from heavy metalsloaded or micro-organic pollutants-burdened wastewater. Thus, how
to build up trust and confidence in the products is also a question needed
to be answered.
6. Conclusion
EMP systems hold vast potential in removing and recovering P, either
ortho or non-ortho P. The main reasons are: (a) it is technically feasible
to remove P in wastewater to the required level and recover P as
effective fertilizers through (bio)electrochemical precipitation; (b) onsite treatment is possible without dosing extra chemicals; (c) the mon
etary cost of (bio)electrochemical system could be comparable with
conventional P-treating technologies in theory. Yet, it is important to
acknowledge that multiple factors affect the system’s performance,
including pH, current density, electrode configuration, and water ma
trix. Currently, there are questions needed to be answered before
applying EMP systems at full scale, such as system stability under longterm operation, system output under different water matrices, and en
ergy consumption of scale-up reactor. Additionally, more research is
needed to improve the utilization of by-products, the collection of de
posits, the wastewater assessment for on-site application, and the
acceptance of products of electrochemical P recovery. Moreover, further
studies are required to explore the long-term operation of EMP in P
removal and recovery at a large scale and make the process economical
and practical soundable.

5. Future perspective
EMP has emerged as a promising approach to enhance P circularity.
A few pilot studies have been conducted to test the stability of EMP at a
larger scale. Lei et al. (2021b) designed a 2.8 L electrochemical reactor
with tubular stainless-steel cathode to treat cheese wastewater under
long-term (170 days) continuous flow operation mode. The system
maintains high stability over the whole operation period. After 173 days
of treatment, the reactor was almost filled with precipitates. Happe
et al. (2016) constructed a 3 L triple-chamber MFC to treat digested
sewage sludge containing iron phosphate, and 67% P was recovered as
struvite. Blatter et al. (2020) conducted a pilot test to treat wet sewage
sludge containing iron phosphates with a 168 L MEC and 97% P was
recovered. However, to date, most studies have been performed at the
laboratory scale. Developments are still needed to address the existing
challenges before implementing electrochemical P recovery systems on
a large scale.
System optimization for long-term operation should be comprehen
sively studied. In the lab-scale study, the P precipitates were directly
scraped off the cathode after terminating the reactions, which is inap
plicable during continuous operation. Attempts have been made to
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