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This study demonstrates the continuous production of value-added struvite (MgNH4PO4) from synthetic waste-
water at pre-pilot scale using a 3D printed filter-press electrochemical flowcell. The system was operated in full-
recirculation mode for 3 hr at a flowrate of 0.62 L/min to create turbulent conditions in the reactor and across the

Struvite . electrode surfaces. Experiments were conducted at pH 8.5 at a current density of 1.7 mA/cm? An average PO4*-
Electrochemical process . . . . . .
Flowcell recovery of 85 % was achieved, with a struvite yield of 40 %. Precipitates formed on the anode (24 %), in the bulk

solution (14 %), and on the cathode (2 %). Although struvite nucleates preferentially on the anode surface, re-
sults suggest that the turbulent flow induced partial detachment of struvite from the anode surface. The suc-
cessful struvite formation was verified with attenuated reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy, energy dispersive spectroscopy (EDS) in a scanning electron microscope (SEM), and X-ray
diffraction (XRD). All these techniques showed good agreement with known pure struvite characteristics. The
results suggest potential extension to industrial and municipal wastewater systems, with future studies
addressing process optimization approaches aimed at mitigating anode passivation and enhancing struvite re-
covery. Overall, the results point to the flexibility and scalability of electrochemical filter-press flowcells for

integration into continuous, green wastewater treatment and resource recovery systems.

1. Introduction

Phosphorus (P) is an indispensable nutrient for plant growth and
food production, serving as a key component of fertilizers and is thus a
cornerstone for global agriculture and food security. However, P is a
finite Earth resource, with global mineable deposits unevenly distrib-
uted and limited. Estimates of when it will be “used up” vary widely,
with analyses suggesting that, depending on consumption growth, de-
posit quality, and recycling rates, depletion could occur within decades
or deposits will last for hundreds of years [1]. European dependence on
imported P in rocks is already high, making the region particularly
vulnerable to supply insecurity [2]. At the same time, municipal and
agricultural wastewater streams contain high concentrations of organic
matter, ammonium (NHZ), and P in the form of phosphate (PO3), which
create environmental problems such as eutrophication [3]. Process
wastewater generated during the thermal processing systems, like hy-
drothermal liquefaction (HTL) of various biomass feedstocks, including
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algae and sewage sludge, contains high concentrations of NH4 and
PO.*- [4,5]. Instead of being viewed solely as pollutants, these streams
can be looked at to represent promising secondary P sources. Appro-
priate recovery and management can help reduce eutrophication of
surface waters while simultaneously contributing to circular P use and
resource security [6]. It is estimated that approximately 20-22 % of the
world’s P consumption could potentially be recovered through the right
wastewater treatment [7-9]. Common recovery methods from waste-
water include adsorption, membrane processes, precipitation, biological
treatment (followed by thermochemical sludge treatment), and crys-
tallization [10,11].

Among the different recovery strategies, struvite (MgNH4PO4-6 H,0)
crystallization has gained attention over the past decade as a viable
method for PO} recovery from wastewater, sludge liquors, and manure
[7,12-17]. Struvite is a poorly soluble mineral that forms stable, white
orthorhombic crystals, which often precipitate spontaneously in pipe-
lines and sludge treatment equipment, causing operational problems
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and increasing maintenance costs [7,9,18]. However, this deposit can be
turned from a problem into an opportunity, if recovered, since struvite is
a slow-release, premium-grade fertilizer with recognized agronomic
value and economic potential [19,20].

Struvite precipitation occurs optimally when magnesium (Mg
NHj, and PO%’ are present in equimolar, fully mineralized concentra-
tions under supersaturated conditions [7,18,21]. The overall reaction is
given in Eq. 1:

2+)
s

Mg** + NH; + H,PO} * + 6H,0~MgNH,PO,-6H,0 |+ nH" )

where n = 0, 1, 2, depending on solution pH.

Conventional chemical precipitation relies on the continuous supply
and storage of external chemicals (e.g., Mg salts), which increase
operational costs and the environmental footprint associated with
chemical production and transport. This is not considered a sustainable
approach [7,13,22]. In contrast, electrochemical struvite precipitation
employs a sacrificial Mg anode to supply Mg?* in-situ via anodic disso-
lution, eliminating the need for external Mg dosing and reducing
chemical sludge generation. Moreover, unlike conventional chemical
precipitation, electrochemical systems can operate without external pH
adjustment, as the required pH increase is achieved in-situ through water
reduction at the cathode. This simultaneous in-situ control of Mg**
availability and pH enhance process efficiency, lowers chemical con-
sumption, and operational costs. While chemical precipitation is well
established, it is often associated with high reagent demand and po-
tential secondary pollution from residual chemicals. Electrochemical
precipitation primarily relies on electrical energy input, offering
improved sustainability potential, particularly when coupled with
renewable energy sources [9,23,24]. Mg-air cells offer the advantage of
enabling nutrient recovery without external Mg salt addition while
providing concurrent electricity generation. These cells however rely on
corrosion-driven Mg dissolution coupled with oxygen reduction, where
Mg?** release, local pH evolution, and supersaturation are uncontrolled
and governed by corrosion chemistry and oxygen mass transfer rather
than externally controllable process variables [13,25]. The main re-
actions governing Mg?" dissolution, hydroxide generation, and struvite
precipitation in a system derived by electrical energy consumption for
struvite production are listed in Eq. 2-4:

Anode : Mg(s)—Mg>" (aq) +2e~ 2

Cathode : 2H,0 (1) +2e”—20H (aq) +H,(g) 3
Struvite formation : Mg*" (aq) + NH; (aq) +PO3™ (aq)

4
+ 6H,0(1)»MgNH,PO4-6H,0 (s) @

Sultana et al. [14] showed that with synthetic wastewater
(NH4H3PO4 precursor) and using a batch/beaker scale reactor, after
6 hr, the electrochemical struvite precipitation results in more than
90 % PO removal, particularly at pH 8-10 under enhanced salinity
(NaCl), which leads to higher sacrificial Mg anode dissolution. In
another approach, Zhou et al. [16] integrated a two-phase electro-
chemical system using batch/beaker scale reactors for simultaneous
POS and NH{ removal from the supernatant of the hydrolysis sludge.
Their results indicated that during Phase I, electrochemical precipitation
using a magnesium sacrificial anode achieved removal efficiencies of
92.3 % for PO.* ~-P and 50.1 % for NHj-N at pH 9.0 and a current of
40 mA after 120 min of electrolysis. In Phase II, the remaining NHJ-N
was further indirectly electro-oxidized to N using a modified Ti anode
(Ti/SnO2-Sb-Pd). With the generation of active chlorine, approximately
83.2 % of NHZ-N was removed at a Cl/N molar ratio of 5:1 and a current
of 50 mA after 120 min of treatment. Finally, the integrated process was
operated under the optimal conditions (pH 9.0, I = 40 mA in Phase I;
Cl/N =5, I = 50 mA in Phase II), achieving NH{-N and PO.? ~-P re-
movals of 79.3 % and 94.3 %, respectively. In a study by Nagy et al.
[26], a scaled-up single-cell electrochemical batch reactor with a
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working volume of 16 L was developed to investigate how progressive
Mg anode deterioration affects struvite formation and energy con-
sumption over extended operation. A synthetic wastewater (NH4H2PO4
precursor) was treated, and struvite precipitation was evaluated over six
consecutive batch runs (6 hr per batch run). Overall, the scaled-up
reactor achieved higher P recovery efficiencies (40-54 %) compared
to their previously reported laboratory-scale setup (38 %). However, as
the number of batches increased, struvite output declined markedly
from approximately 320-210 g/batch, while electrical energy demand
rose from 0.9 to 1.6 kWh/batch, primarily due to extensive Mg anode
degradation. In total, approximately 1.6 kg of high-purity struvite was
generated over six successive batch runs, with a specific energy con-
sumption of 4.6 kWh/kg. In a recent study, Nagy et al. [13] have used an
“open” flow reactor as an electroless Mg-air cell (0.75 L working vol-
ume) with inflow and outflow nozzles for struvite production from farm
wastewater. The wastewater flowrate was 176 mL/min. Over a 3 hr
experiment, the flow reactor achieved up to 87 % PO3 and 77 % NH{
removal, resulting in improved effluent quality. The produced electricity
(maximum open-circuit voltage, ca. —1.8 V, and maximum current, ca.
—80 mA) decreased over time due to the formation of a passivation layer
and Hy bubbles on the Mg anode. While flow reactor designs [13,27]
demonstrate feasibility, they are not hydraulically optimal due to stag-
nant zones and large residence time, a large footprint, and a lack of
scalability.

Together, batch/beaker scale studies provide strong evidence that
electrochemical struvite recovery is feasible, but they also reveal chal-
lenges associated with batch/beaker-type reactors, including reactor
optimization, continuous operation, formation of a struvite passivation
layer on the anode, electrode cleaning/maintenance, and scalability.
The filter press flowcell design widely used in literature for various other
types of electrochemical processes [28-32] reflects the stack configu-
rations widely applied in industrial electrolysis, including chlor-alkali
processes [33] and water electrolysis for hydrogen production [34]. It
offers proven scalability (i.e., multi-stack systems and reactors-in-series
concept), efficient mass transfer, and compact design. Electrochemical
flowcell reactors enable precise control of hydrodynamics and residence
time distribution, and improve mass transfer. Flowcells can supply Mg?*
more uniformly, reduce passivation through controlled turbulence, and
enable continuous treatment at variable scales based on the influent
flowrate. Importantly, renewable electricity can power such electro-
chemical flowcells [13,15], enabling green/sustainable nutrient recov-
ery in the form of valuable products, even from scrap Mg metals acting
as sacrificial anode [7,16]. This integration links P recovery directly to
Power-to-X and circular-economy energy platforms. Despite extensive
research on electrochemical struvite precipitation, most existing studies
are limited to batch or beaker-type reactors, which do not adequately
represent the hydrodynamic, operational, and scalability challenges of
continuous wastewater treatment systems. In particular, the practical
application of an economical filter-press electrochemical flowcell
operated in continuous mode for simultaneous POS recovery and
wastewater treatment has not yet been investigated. This gap limits the
scale-up potential of the electrochemical struvite recovery process. The
objective of the present study is, therefore, from a process engineering
perspective, to evaluate the feasibility of continuous electrochemical
struvite production using a cost-effective filter-press flowcell configu-
ration. The underlying hypothesis is that a flowcell reactor offers
improved hydraulic efficiency with minimal pressure drop, and enables
a controlled, continuous electrochemical dissolution of a sacrificial Mg
anode in a cost-effective and environmentally friendly manner. The
enhanced hydrodynamics within the flowcell are expected to promote
the detachment of struvite precipitates from electrode surfaces, thereby
limiting passivation and reducing the need for frequent anode mainte-
nance. To address these objectives, synthetic wastewater was treated in
a 3D-printed, low-cost filter-press electrochemical flowcell equipped
with a magnesium alloy (AZ31B) anode and a steel cathode, which was
operated at the pre-pilot scale in full recirculation mode. Despite the
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Fig. 1. a) Pre-pilot setup, b) PID, and c¢) Exploded and assembled view of the flowcell with dimensions. Abbreviations: TK1: feed reservoir, V: vent, F: feed nozzle, R:
recirculation nozzle, PO1: recirculation pump, F1: flowcell inlet nozzle, R1: flowcell outlet nozzle. Streams: 1: feed from TK1 to flowcell, 2: flowcell outlet to TK1 in

total recirculation mode.

complexity of electrochemical struvite production and PO recovery,
this study’s findings indicate that continuous flowcells could effectively
be incorporated into sophisticated wastewater treatment facilities.
Given the modular nature of electrochemical flowcells, a scale-up of the
proposed system to evaluate the treatment of real wastewater could be
an interesting future research agenda.

2. Materials and methods

Deionized (DI) water (conductivity: < 1 pS/cm) from a PURELAB

Table 1

Flowcell dimensions and process general information.
Parameter (unit) Value
Channel width (cm) 2
Channel diameter (cm) 10
Effective electrode area (cm?) 11.6
Flowcell channel volume (mL) 23.2
Influent volume (mL) 200
Influent PO concentration (mg/L) 1100
Initial influent pH 8.5
Initial influent conductivity (mS/cm) 3
Recirculation flowrate (L/min) 0.62
Operating temperature (°C) 25
Current density (mA/cm?) 1.7

Chorus 1 system (ELGA LabWater, Veolia Water Technologies, France)
was used in all experiments. NaOH, (NH4)oHPO4 (>98 %), NasSO4
(>99 %), Citric acid (98 %), and H2SO4 (98 %) were bought from
Sigma-Aldrich (Germany). Pure struvite (MgNH4PO4.6H20, 98 %) was
purchased from Alfa Aesar (USA).

2.1. Experimental setup

Electrochemical struvite production tests were conducted using a 3D
printed filter-press flowcell. The schematics of the setup are provided in
Fig. la-c. An anode of 3 mm thickness made of AZ31B-Mg alloy (Evek
GmbH, Denmark branch) and a cathode of 1 mm thickness made from
steel. Before each test, electrodes were rinsed with DI water and gently
abraded with an abrasive sponge to minimize surface oxides and con-
taminants. They were subsequently rinsed with ethanol to remove
grease and dried with tissue paper. A DC power supply (EL302Tv, Aim-
TTi, England) was connected to the electrodes, and the precise current
was measured with a multimeter (179 True RMS, Fluke, USA). The 2 cm
thick flow channel, without an inlet flow distributor and an outlet
manifold to affect the flow distribution pattern, provided an effective
electrode area of 11.6 cm?. For the full recirculation mode tests, syn-
thetic wastewater was fed to the system using a GL-45 250 mL bottle
(TK1), which served as a reservoir, and a centrifugal pump (P01, Type
1031, Eheim, Germany) recirculated the wastewater at a rate of 0.62 L/
min (Reynolds number of ca. 500 [29]). It is worth mentioning that
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according to available literature [35,36], a large flowrate promotes
turbulence/mass transfer inside flowcells, which in turn leads to a
higher reaction rate. However, the effect of flowrate as an operational
parameter was not further investigated. The wastewater flowed upward
over the electrodes. Leak-tight operation was ensured by installing sili-
cone rubber gaskets between the flow channel and electrodes and
assembling the flowcell using bolts and nuts. The 3D printed flowcell
body parts and channel were made of 2.85 mm PLA commercial 3D
printing filaments (3deksperten, Denmark) using a commercial 3D
printing device (S5, Ultimaker, Netherlands). 3D Printer settings were as
follows: infill: 100 % with ZigZag pattern, supported printing, raft type
build plate adhesion, speed: 100 mm/s, cooling fan speed: 100 %, layer
height: 0.06 mm, number of top/bottom layers: 17, printing tempera-
ture: 200 °C, heated bed temperature: 60 °C. Table 1 presents a sum-
mary of flowcell dimensions and system parameters.

2.2. Process description

A 200 mL batch of synthetic wastewater, containing 1100 mg/L of
(NH4)2HPO4 and NaySO4 as the supporting electrolyte (final conduc-
tivity of 3 mS/cm), was placed in the circulation reservoir. The pH was
adjusted to 8.5 using diluted aqueous solutions of HSO4 and NaOH.
pH= 8.5 was selected based on literature [13,17] and the optimal range
for struvite precipitation (pH=7-9). This minimize formation of impu-
rities. In addition, considering NHj©NH; equilibrium (pK,=9.25),
operation at pH= 8.5 limits the conversion of NH4" to volatile NH3,
which does not contribute to the struvite formation reaction [37,38]. To
ensure uniformity, the wastewater in TK1 was continuously stirred using
a magnetic stirrer. Once a steady flowrate was reached, the DC power
supply was turned on. The flowcell was operated galvanostatically at
1.7 mA/cm, corresponding to 20 mA, with the applied voltage adjusted
as needed to maintain the target current density throughout operation.
This current density was selected based on values reported in the liter-
ature [7,14] and further supported by a series of preliminary batch ex-
periments to minimize impurity formation (vide infra). At 20 min
intervals, the power supply was switched off, followed by the pump
(PO1). The liquid retained in the pump head and reactor was drained
back into the TK1. Voltage, current, pH, and conductivity were recorded
simultaneously at every interval. After pH readjustment, P01 was
restarted to reestablish flow, and the power supply was switched on to
resume galvanostatic operation. This procedure was repeated
throughout the 180 min experimental period. After 180 min, the power
supply was switched off while PO1 continued operating for an additional
10 min to flush the reactor. At the end of the operation, a 5 mL aliquot
was withdrawn from the reservoir to determine the residual PO3 con-
centration. The flowcell was then disassembled, and the electrodes
allowed to dry in a desiccator for 24 hr before the precipitated solids
were collected by gentle scratching using a stainless-steel spatula. The
remaining reservoir solution was vacuum filtered through a 1.2 ym
cellulose nitrate membrane (Sartorius, Germany), and the recovered
solids were dried in a desiccator for 24 hr. The test was performed in
triplicate, and the average value, along with standard error (SE), is re-
ported for the yield and recovery according to Egs. 5 and 6:

yield, % = Mexperimental % 100 (5)
Miheoretical
C; —C,
PO recovery, % = ~influent — Zeffluent 100 6)

Cin ifluent

Where Mheoretical iS the PO3 -limited stoichiometric maximum struvite
yield (Eq. S1 in the supplementary information) [g], Mexperimental is the
mass of recovered solid precipitates [g], and Cinfiyent and Ceffluent are the
concentration of PO%’ [mg/L] in the synthetic wastewater feed and in the
solution of TK1 after 3 hr of continuous flowcell operation, respectively.
Between triplicate tests, the reactor was cleaned by circulating 200 mL
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Fig. 2. Change in conductivity, voltage, and pH during 3 hr of continuous
flowcell operation. Error bars represent SE (n = 3). Experimental conditions:
Current density= 1.7 mA/cm? (20 mA), Initial pH= 8.5, Recirculation flowrate:
0.62 L/min.

of a 5 wt% citric acid solution for 30 min, followed by rinsing with dilute
NaOH in deionized water until a neutral pH was reached. For each test, a
new set of electrodes was used to avoid biased performance comparison
due to contamination and pitting corrosion of the Mg anodes.

2.3. Analytical methods

DR3900 spectrophotometer (HACH, USA) and LCK049 kits (HACH-
Lange, Germany) were used for POJ concentration measurement
without further sample dilution. A portable multimeter (HQ40d, HACH,
USA) was used for measurement of pH (using PHC101 electrode), and
conductivity (using CDC401 electrode). An attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR) instrument (Cary
630, Agilent, USA) was used to obtain FTIR spectra of precipitates. The
spectrum was recorded in the range 650-4000 1/cm at one 1/cm scan
resolution (8 sample scans) in absorbance mode. A scanning electron
microscope coupled with energy-dispersive spectroscopy (EDAX Ele-
ments in a SEM, Quanta200, FEI) was used for the crystal morphology
evaluations and for obtaining EDS spectra/dot mapping at 5 kV (SEM)
and 20 kV (EDS) without metal coating. Normal SEM images were
recorded with an Everhard-Thornly secondary electron detector with a
bias of + 300 V. To prevent damage to the SEM equipment from the
evolution of gases during insertion in the vacuum, samples were first
dried in a desiccator overnight. X-ray diffraction (XRD) analysis was
performed with a MiniFlex 600 instrument (Rigaku, Japan). Diffraction
patterns were collected over a 5-90° 20 range with a step size of 0.02°
and a scan speed of 10°/min, under Cu Ka radiation at 15 mA/40 kV
operating current/voltage. XRD patterns of reference materials were
calculated using VESTA v.3.5.8 [39] based on CIF files obtained from the
Crystallography Open Database [40]. Rietveld refinement and relative
phase purity were assessed using Profex v5.6.1 [41-43].

3. Results and discussion
3.1. Wastewater treatment performance

Overall, the replicate experiments exhibited low variation (Fig. 2),
which was expected given the controlled/constant process parameters.
This low variation was observed with the synthetic solution used,
whereas higher variability is to be expected for complex wastewater
effluents [13]. The conductivity of the solution inside TK1 increased
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Fig. 3. Electrochemical struvite production yield and PO3 recovery after 3 hr
continuous flowcell operation. Error bars represent SE (n = 3).

during the first 20 min due to low reaction extent and the addition of
acid for pH adjustment. After this point, the conductivity gradually
decreased. The decline was stronger than the temporary increases
caused by subsequent acid additions. This trend is consistent with the
progressive precipitation of solids, which removes ionic species from the
solution and therefore reduces conductivity. The corresponding rise in
cell voltage correlates with the decrease in conductivity. Under galva-
nostatic operation, a gradually declining conductivity increased the cell
resistance, and a higher voltage was therefore gradually required to
maintain the set current. A secondary contribution to the increased
voltage was attributed to the gradual thickening of the passivation layer
on the electrodes (Fig. S1), which further increased resistance over time.
The pH profile showed that the system naturally drifted toward alkaline
conditions, driven by cathodic OH~ generation similar to what is re-
ported in the literature [7,12]. Despite this tendency, pH was main-
tained close to 8.5 and never exceeded 9.0. Maintaining the pH within
this narrow window limited the risk of forming competing
co-precipitates and maintains conditions favorable for selective struvite
precipitation [12,16]. A key competing phase is brucite (Mg(OH)2),
which forms readily at higher pH [11,14]. The likelihood of forming
co-precipitates increases when the pH deviates from the optimal range
of approximately 7-9 [44]. The risk of co-precipitate formation further
increases when complex wastewater matrices are used, as the presence
of competing ions such as Ca®* has been shown in previous studies to
promote the formation of secondary precipitates, thereby reducing the
struvite yield [13,44]. Since the pH in this study never exceeded 9, there
was sufficient operational margin to allow pH adjustments every 20 min
without risking uncontrollable formation of undesirable precipitates in
the synthetic solution. Based on the observed pH stability, less frequent
pH adjustments would likely have been sufficient. However, in full scale
electrochemical struvite production, automated pH adjustment in a
buffer/conditioning feed tank, using a pH controller and a dosing pump,
would be the standard solution to minimize competing co-precipitation
and ensure favorable conditions for selective struvite formation.
Continuous operation of the flowcell resulted in 84.4 + 0.2 % PO}
recovery. The yield of struvite precipitates formed on the anode, cath-
ode, and in the bulk solution was 24 + 2 %, 2.1 + 0.7 %, and 14 + 2 %,
respectively (Fig. 3, for weight distribution refer to Fig. S2). Summation
of these contributions resulted in a total average recovered yield of 40
+ 3 %. This low yield is likely attributed to low extent of reaction, losses
of precipitated struvite within the system, including retention in the
hydraulic parts (Fig. S3), deposition on internal surfaces, and incom-
plete recovery from scratching the electrodes (Fig. S1). Such losses are
consistent with previous literature, which reports that struvite readily
precipitates on reactor surfaces and internal components [12]. Addi-
tionally, visual inspection revealed that struvite residues remained
attached to the electrodes after operation but adhered too strongly to be
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Fig. 4. a) XRD patterns of pure struvite, obtained precipitates, and reference
struvite (COD ID 2106462). b) ATR-FTIR spectra of pure struvite, synthetic
wastewater, and the obtained precipitates after 3 hr continuous flow-
cell operation.

removed by mechanical scratching (Fig. S1). This further supports the
claim that incomplete physical recovery, rather than incomplete pre-
cipitation, accounts for the lower mass-based yield. It should be noted
that complete conversion of PO} to struvite was not expected under the
applied operating conditions and 3 hr of continuous flowcell operation.
Calculations based on Faraday’s law (Egs. S1 and S2) and assuming
100 % current efficiency and ideal electrode behaviour indicated that a
maximum of ca. 68 % struvite formation could be achieved due to the
rate of Mg?" release via electrochemical dissolution. In addition, pre-
liminary batch/beaker scale experiments demonstrated that PO3 re-
covery becomes increasingly kinetically limited at lower concentrations
and requires longer process time (results not shown here). Together,
these factors indicate that operation time and kinetics play a critical role
in process optimization, as they directly influence both Mg?* avail-
ability and struvite formation. However, prolonged operation must be
carefully optimized to avoid excessive Mg?" release, which could
introduce secondary challenges/impurities when treating real waste-
water streams.
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Fig. 5. SEM of pure struvite and obtained precipitates after 3 hr continuous flowcell operation.
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Fig. 6. EDS spectrum and dot mapping of pure struvite and the obtained precipitates after 3 hr continuous flowcell operation.
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3.2. Product characterization

Detailed solid characterization techniques were performed on the
precipitates obtained from the continuous flowcell operation to confirm
successful struvite formation. Since the characterization results were
highly similar across all 3 replicates, only the results of the precipitates
obtained from the final replicate are shown.

Comparing XRD patterns (Fig. 4a) of the pure struvite and the
recovered precipitates on the anode and in the bulk solution show a
strong similarity in both peak positions and relative intensities, indi-
cating the formation of crystals with a structure similar to crystalline
struvite. It is worth mentioning that due to a very small amount of solid
recovered from the cathode, it was not possible to do XRD even after
accumulating solids from all 3 replicates. No additional diffraction peaks
were observed relative to the pure struvite standard (COD ID 2106462)
for the filtered solids and the anode precipitate, suggesting the absence
of detectable secondary crystalline phases and that a high-purity struvite
was obtained. However, the XRD pattern of the anode precipitates
exhibited one additional low-angle reflection at 26 approximately 11°,
which is not associated with the pure struvite reference. This feature was
not observed for the precipitates recovered from the bulk solution.

ATR-FTIR spectra (Fig. 4b) of recovered solids were similar to pure
struvite. In particular, the O-H and N-H stretching vibrations are
observed as asymmetric broadband peaks in the range 3265-2903 1/cm,
corresponding to the presence of structural water molecules and NH4
groups within the struvite lattice [12,45]. Additional bands at approx-
imately 1638 1/cm are attributed to H-O-H bending vibrations, while
the sharp peak near 1444 1/cm is associated with N-H bending of the
NHj group [12,45]. The strong absorption band at approximately 983
1/cm corresponds to P-O stretching vibrations of the PO} group, while
the band observed near 746 1/cm is associated with lower energy PO3
vibrations, including O-P-O bending and P-O stretching modes within
the struvite lattice [45]. Other lower wavenumber bands between 893
and 753 1/cm are related to wagging modes of water molecules within
the crystal structure [45]. All precipitate samples exhibited the char-
acteristic absorption features shown in Fig. 5, which have previously
been reported as diagnostic for pure struvite formation [12,13]. The
close agreement of these spectral features with previously reported
struvite references indicates that the precipitates recovered from all
locations are consistent with high-purity struvite. A clear change in the
ATR-FTIR peak pattern is observed when comparing the influent
ATR-FTIR spectrum with the struvite samples, demonstrating that the
precursor is converted during electrochemical treatment rather than
precipitating in its original form after drying.

Preliminary batch/beaker scale experiments at 60 mA using ca.
10 cm? pure Mg strips (results not shown here) exhibited pronounced
gas evolution at the electrode surfaces, indicating the presence of
competing electrochemical reactions and locally elevated pH conditions.
Such conditions are known to promote the formation of brucite (Mg
(OH)5,) due to localized alkalization near electrode surfaces, even when
the bulk solution pH remains within the optimal range for struvite for-
mation [7,46]. Under elevated overvoltage or higher current density in
preliminary batch/beaker scale experiments, an additional sharp ab-
sorption band was observed near 3695 1/cm in the ATR-FTIR spectra
(Fig. S4a). This feature was attributed to O-H stretching vibrations of
weakly hydrogen-bonded hydroxyl groups characteristic of brucite [47].
In contrast, O-H stretching vibrations in struvite appear as broader
bands associated with lattice-bound water molecules [45]. This Mg
(OH),, associated peak at approximately 3695 1/cm was not observed in
the ATR-FTIR spectra of the samples obtained from continuous flowcell
operation, indicating that the applied process conditions and flow
regime limited the formation of localized alkaline environments. The
presence of Mg(OH), in the precipitates obtained from batch/beaker
scale experiments was further supported by XRD analysis (Fig. S4b), as
Mg(OH); is reported to exhibit an amorphous material characteristic
XRD pattern with broad diffraction peaks [47-49]. The low-angle
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reflection at approximately 11° observed for the anode precipitate
from continuous flowcell operation could be related to the formation of
mixed-phase struvite containing a small magnesium phosphate impu-
rity, such as cattiite, newberyite, or a small amount of Mg(OH),. Riet-
veld refinement and phase fraction assessment relative to other
crystalline phases using well-known impurity phases associated with
struvite formation [50] revealed struvite as the dominant crystalline
phase. The struvite accounted for ca. 85 wt% of the recovered pre-
cipitates after 3 hr of continuous flowcell operation from the anode
surface (Fig. S5) and the bulk solution (Fig. S6). Minor diffraction fea-
tures not attributable to struvite indicate the presence of trace
phosphate-based impurities. Due to strong structural similarity and peak
overlap among hydrated magnesium and ammonium phosphate phases,
the individual identity and abundance of these minor phases should be
interpreted with caution.

Fig. 5 shows SEM images of the pure struvite and the recovered
precipitates. The pure struvite exhibits the expected elongated prismatic
morphology with well-defined edges associated with high-purity stru-
vite [7]. The filtered solids, anode, and cathode precipitates predomi-
nantly display elongated crystalline features, indicating struvite-type
growth rather than amorphous precipitation. This is typically associated
with irregular morphology [44]. Inspection of SEM images at different
magnifications shows that the pure struvite reference consists of crystals
approximately 200 um in length and around 10 um in width. Similar
inspection of the recovered precipitates indicates crystal lengths in the
range of approximately 5-80 um and widths of about 2-8 um, with the
filtered solids generally consisting of finer crystals compared to the
cathode and anode precipitates. The crystal sizes observed in this study
fall within the range of previous studies on electrochemical struvite
precipitation [7,12-14]. Particle size is important when struvite is
intended for use as a fertilizer. Larger crystals are generally preferred
because they are easier to handle, transport, and apply to agricultural
soil [51]. Previous studies have shown that struvite crystals range be-
tween 7 mm and 0.25 um in length [13]. However, it should be noted
that struvite crystals produced electrochemically are usually smaller and
typically fall in the range of 50-100 pym in length [7,12,13]. Several
conditions influence crystal size, including the degree of supersatura-
tion, reagent concentrations, and other thermodynamic and kinetic
factors [13]. Differences in morphology between recovery locations are
observed, where the anode precipitate shows more pronounced
needle-like crystals, while the cathode precipitate appears more aggre-
gated. These variations are likely related to differences in local super-
saturation, hydrodynamic conditions, and electrochemical reactions
within the flowcell. This may be explained by the thicker passivation
layer observed on the anode surface compared with the cathode after
disassembly (Fig. S1). This passivation layer may promote crystal
growth by increasing the number of available nucleation sites, as re-
ported in other studies [7,46].

The EDS spectra of pure struvite and recovered precipitates were
acquired over an energy range of 0-13 keV (Fig. 6). However, no
characteristic peaks were observed above 9 keV. Pure struvite consists of
a high fraction of O relative to the other elements and an Mg:P atomic
ratio close to unity. Minor impurities are present, with Ca constituting
the largest fraction, consistent with the stated 98 % purity of the com-
mercial reference material. Visual inspection of the precipitates showed
that the reservoir precipitates were predominantly white, as expected
for struvite. In contrast, the precipitates recovered from the cathode and
anode exhibited mixed coloration, indicating secondary contributions
due to electrode material deposition (Fig. S1). This was most noticeable
on the cathode precipitate, which had a reddish coloration originating
from oxidized iron. The presence of Fe in the cathode precipitate was
confirmed by the EDS analysis, where Fe accounts for an atomic ratio of
7.5 %. This is attributed to the oxidation of the cathode material (un-
treated steel) after drying. The use of stainless steel would likely reduce
this contamination. N was not detected in the cathode sample, which is
attributed to instrumental limitations, as N is a light-weight element and
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Table 2
Specific electrical energy consumption of the continuous flowcell system.
kWh kWh/m?* kWh/kgruvite produced kWh/ kgpoi recovered kWh/ kgpoi —P recovered
Specific electrical energy consumption’ 7.26 x 10~ 0.363 0.45 0.55 1.67

Notes: 1- Excluding the energy consumption associated with the 54 W lab scale recirculation pump used in the current lab experiments.

it is difficult to detect by EDS, and its signal can fall below the detection
limit when present at low concentrations. In comparison to the pure
struvite reference, the N signal in the cathode precipitate was therefore
below the detectable range. Overall, the SEM-EDS spectra of the
recovered precipitates show a high resemblance to that of the struvite
reference, with all expected elements present. The impurity levels,
potentially introduced during recovery of precipitates, sample handling,
and SEM sample holder/carbon tape in the anode and filtered solids, are
comparable to those observed for the commercial reference material,
indicating that these samples can be considered chemically pure within
the resolution and limitations of SEM-EDS analysis. The most pro-
nounced difference between the reference and the recovered pre-
cipitates from the anode and filtered solids is therefore related to crystal
size rather than elemental composition. It should be noted that the use of
synthetic wastewater in this feasibility study represents a limitation, as
under real wastewater conditions, competing ions such as Ca*" and K+
may promote the formation of impurities (e.g., hydroxyapatite),
potentially leading to the adsorption of organic compounds and
requiring careful control of reaction parameters to avoid impurity for-
mation [13,18,50].

3.3. Energy consumption analysis

The specific energy consumption of the continuous electrochemical
flowcell system is summarized in Table 2. To enable comparison with
studies employing beaker-type batch reactors, the results are reported
excluding energy for pumping. When excluding the pump and consid-
ering only the DC power supply consumption (1.2 V, 20 mA), the spe-
cific energy demand of the system (0.45 kWh/Kkgsiruvite produced) falls
within the same order of magnitude as values reported for beaker-type
batch electrochemical reactors in the literature [14,52]. To this must
be added the specific energy consumption for the recirculation pump.
This increase in energy consumption depends on the full scale optimized
hydraulic design of the continuous electrochemical flowcell system,
appropriate pipeline sizing, proper pump selection, and sizing based on
influent pressure, overall stack pressure drop, and net positive suction
head (NPSH). It can thus only be stated with any reliable accuracy when
a full-scale flowcell and overall process design have been made.

4. Conclusion

This research highlights the successful continuous production of
value-added struvite (MgNH4PO4) from synthetic wastewater at pre-
pilot scale using a filter-press electrochemical flowcell. The process
was conducted in full-recirculation mode for 3 hr at a flowrate of 0.62 L/
min to promote turbulence within the reactor and over the electrode
surfaces. The reaction conditions were pH 8.5 with a current density of
1.7 mA/cm? based on previous literature. A PO} recovery of 84.4
+ 0.2 % was achieved, and the struvite yield was 40 + 3 %. Struvite
precipitates were observed on the anode (24 + 2 %), in the bulk solution
(14 £+ 2 %), and on the cathode (2.1 + 0.7 %), indicating that the tur-
bulent flow regime effectively swept some of the precipitates from the
anode surface. The successful struvite formation was confirmed using
ATR-FTIR, SEM-EDS, and XRD, and the results were compared with
those of pure struvite. The analyses confirmed that the obtained struvite
product matched the characteristics of pure struvite. Future research
should investigate additional optimization strategies, such as pulsating
current, continuous pH adjustment, the influence of higher flowrate/

turbulency, intermittent or reverse flow, and intermittent air burst
sparging within the flowcell channel, to enhance the removal of struvite
precipitates from the anode surface, thus eliminating the struvite
passivating layer formed on the anode surface. Moreover, sensitivity
analyses of key operational parameters such as flow rate, pH, current
density, long-term stability assessments involving extended operation
times and consecutive cycles, optimizing ion-selective transport using
membranes, and scale-up studies using multicell stack configurations,
should be considered for future scale-up evaluation. The study un-
derscores the adaptability of electrochemical filter-press flowcells,
which can be expanded to multiple stacks and reactors in series/parallel
to meet the required feed flowrate and residence time. Future work may
also explore integrating the proposed scalable flowcell concept into a
Mg-air cell system. This research establishes a foundation for advancing
the simultaneous valorization and treatment of real process and urban
wastewater through a green and continuous pilot-scale process, which
can be integrated into multi-step wastewater treatment plants.
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