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Abstract. Excessive ammonium and phosphate levels in aquatic environments potentially
cause eutrophication, leading to water quality imbalance, algal blooming, and disturbance of
biodiversity status. Electrolysis using a sacrificial magnesium anode effectively removes and
recovers ammonium and phosphate, producing struvite (MgNH4P04.6H20). The present study
investigated the optimum current density and the effect of the ammonium/phosphate molar
ratio on struvite production. The current density was controlled at 10, 50, and 100 mA/cm?. An
artificial wastewater containing [NH4*]:[PO43-] in a molar ratio of 1:10, 1:1, and 10:1 was used
as the test solution. The optimum current density was determined as 50 mA/cm?. The
ammonium and phosphate reduction ratios ata 1:1 molar ratio was approximately 46.91% and
74.26%, respectively. Increasing the ammonium molarity in the test solution to 10:1 increased
the phosphate reduction ratio to 96.38% while decreasing the ammonium reduction ratio to
26.28%. The maximum precipitation of 4.1914 g was generated at a molar ratio of 10:1 with a
specific energy consumption of 0.011 Wh/mg-P, out of the three ammonium/phosphate molar
ratio variations. Microscopes and SEM-EDS were used to characterize the precipitates
produced, and Visual MINTEQ 3.1 was then used for modeling.

Keywords: Ammonium and phosphate recovery; Electrolysis; Sacrificial magnesium anode;
Struvite

1. Introduction

The ammonium and phosphate concentrations in wastewater, such as dairy and poultry
wastewater approximately in a range of 1710-3400 mg NH4*/L and 1000-1800 mg PO43-/L,
respectively (Silva-Galvez et al., 2024; Vaishnav et al,, 2023; Ye et al., 2018). Once high ammonium
and phosphate concentrations are found in aquatic environments via runoff, this condition further
impacts eutrophication, leading to an imbalance in water quality, algae blooming, and disturbing
the biodiversity status (Lin et al., 2023; Lin & Sidik, 2024; Ye et al., 2018). On the other hand, if
ammonium and phosphate can be recovered, the availability of valuable resources that will
decrease as supply-demand increases due to the life of these organisms can be controlled. Struvite
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(MgNH4P04.6H,0, MAP) is a slow-release fertilizer with a white orthorhombic crystalline
structure formed from a combination of magnesium, ammonium, and phosphate (Bagastyo et al.,
2022; Kim et al., 2007). Struvite is influenced by the pH, supersaturation, and ion molar ratio
(Wang et al., 2022).

Several studies have reported that struvite formation can be removed by more than 80% using
a stirred tank reactor (STR) (Siciliano et al., 2020). The selection of the Mg source is a critical
consideration in struvite production because it significantly affects both the quality and
production cost. Commonly used magnesium sources include MgCl,, MgS0,4, Mg(OH);, MgO,
magnesite, and magnesium alloys, with their respective advantages and disadvantages. On
average, magnesium sources from chemicals are expensive and produce byproducts (Bagastyo et
al., 2022). Because of the lack of other sources, magnesium alloy is a potential source of Mg for
struvite formation as a sacrificial anode.

Initial study on electrolysis using a magnesium sacrificial anode. Their study achieved a
phosphate removal rate of 59-84% at an initial pH of 8.9 (Hug & Udert, 2013). In another study,
the recovery rates were 5.24 mg-P/h.cm? in synthetic digestion fluids and 4.60 mg-P/h.cm? in
anaerobically digested chicken manure slurry (Luo et al., 2022). Based on these results, the use of
a magnesium alloy as a sacrificial anode in electrolysis has the potential to recover ammonium
and phosphate by struvite production.

The study investigated the effect of current density on magnesium-plate corrosion and the
effect of ammonium/phosphate molar ratio on struvite production. Specific objectives were to
determine the effect of the ammonium/phosphate molar ratio on struvite production. The energy
consumption of the process was also calculated to ensure that the process was energy-efficient.

2. Materials and methods
2.1 Materials

To obtain the optimum current density in terms of magnesium alloy released under
electrochemical operation, 3.5% sodium chloride (NaCl, Sigma-Aldrich) was used as a background
solution. On the other hand, 500 mL of artificial wastewater containing ammonium and phosphate
corresponding to ammonium/phosphate molar ratios of 1:10 (0.0016 mol-N/L:0.0161 mol-P/L),
1:1 (0.0161 mol-N/L:0.0161 mol-P/L), and 10:1 (0.1614 mol-N/L:0.0161-P/L) were used as the
test solution. The sources of ammonium and phosphate were taken from ammonium chloride
(NH4Cl, Honeywell) and potassium phosphate dibasic (K;HPOs, Sigma-Aldrich), respectively. An
AZ31B (Al 3 wt%, Zn 1 wt%, balance Mg) magnesium alloy was used as a sacrificial anode in the
electrolysis process to release Mg?+ ions into the solution. The anode dimension was 49 x 100 mm
with a thickness of 2 mm (active surface area was 14.7 cm?). A 316SS stainless steel was used as
the cathode in the electrolysis process. The cathode dimension was 49 x 100 mm with a thickness
of 1.8 mm (active surface area was 14.7 cm2).

2.2 Experimental setup

The study was conducted at a laboratory scale using 0.6-L-beaker glass modified with the
addition of an electrode hanger as the main reactor. The current was applied by a DC power supply
(Gophert CPS3205, China) with current density variations of 10, 50, and 100 mA/cm?2. The pH was
controlled at 9£0.5 by the addition of 1 M HCl or 1 M NaOH during the process and continuously
stirred at approximately 150 rpm for 30 min in batch recirculation mode. The solution was passed
through a peristaltic pump from the main reactor to the monitoring tank and vice versa. The pH
and conductivity (HACH HQ430d, USA) sensors were placed in a 100 mL beaker, which served as
the monitoring tank. An AZ31B Mg alloy was employed as the anode, whereas a 316SS stainless
steel was employed as the cathode, with the distance between the electrodes held at 2 cm. A
schematic of the electrolysis experiment setup is shown in Figure 1.
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Figure 1. Schematic of the electrolysis experiment

2.3 Analytical methods

The actual/calculation ratio of AZ31B Mg alloy released ion in terms of mass was investigated
to determine the optimum current density. The expected Mg mass was calculated using the
Faraday equation (Equation 1).

Myg X1 Xt
Mg = zXF (1)
where my4 (g) is the expected magnesium release, My, is the Mg molar mass (24.3 g/mol), I (A)
is the applied current, z is the magnesium valence (2), and F is the Faraday constant (96485 C/mol)
(Kékedy-Nagy et al., 2020).

The precipitate formed from the test solution was collected and recovered by vacuum
filtration (Rocker 300, Taiwan), where the filter holder was fitted with a PTFE un-laminated
polytetrafluoroethylene membrane filter (0.45-um, 47 mm). The mass of electrochemically
precipitated struvite was determined using an analytical balance (XS225A, Switzerland). The
visual and morphological analysis of struvite was investigated using microscopes and SEM-EDS,
respectively. The EDS data were analyzed by a modeling method using Visual MINTEQ 3.1.
Ammonium and phosphate concentrations were measured using a UV spectrophotometer
(Spectramax ABS, US) using the indophenol and ascorbic acid method, whereas magnesium ion
was measured by ICP measurement.

3. Result and discussion
3.1. Effect of current density on releasing Mg2+ ions

The current density was shown to affect the release of mg ions after 30 min of the experiment.
At a current density of 10 mA/cm?, the weight of the magnesium plate was reduced by 0.0126
grams. Furthermore, the background solution contained 0.80 mol/L of dissolved magnesium
resulting from the decay of magnesium plates. At current densities of 50 and 100 mA/cm? also
experienced the same thing where magnesium plates reduced by 0.1198 and 0.4593 g,
respectively. At this current density, magnesium was found in background solutions of 1.90 and
1.98 mol/L, respectively (Figure 2a). This condition is in accordance with research that showed
that increasing the current density significantly enhances the release of magnesium ions from the
magnesium anode during electrolysis. Higher current densities lead to increased energy
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consumption and can also affect the passivation of the anode, which is relevant to understanding
how current density influences ion release dynamics (Cai et al., 2022).

When compared with the calculation using the Faraday equation (Equation 1) based on the
reduction of the weight of the magnesium plate, it was known that the actual/theoretical
calculation ratio closest to 1 was a current density of 50 mA/cm2, with a difference of 0.2809,
followed by a current density of 100 mA/cm?, with a difference of 0.3784, and 10 mA/cm?, with a
difference of 0.6218 (Figure 2b). Differences between the theory based on the Faraday Equation
and actual conditions also occurred in other studies, that dissolved mg ions under real conditions
were much lower than the calculated values (Natsi & Koutsoukos, 2024). Thus, the optimum
current density was 50 mA/cm? then be used in the study of the effect of the N/P molar ratio on
struvite production.

3.2. Ammonium and phosphate reduction during the electrolysis

The concentrations of ammonium and phosphate in the test solution decreased positively for
all N/P molar ratios at different levels (Figure 3). This indicates that both ammonium and
phosphate react and bind to each other with the Mg ions released by the plates. This condition
supports previous research reporting that the concentrations of ammonium and phosphate
simultaneously decrease during the electrolysis process. This indicates that magnesium ions are
crucial for the binding of ammonium and phosphate (Wang et al., 2022).
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Figure 2. The effect of current density on the (a) releasing Mg ions; (b) actual/theoretical ratio
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For both ammonium and phosphate, an increase in the concentration in the test solution
decreased the reduction ratio. At an N/P variation of 1:10, ammonium was reduced by 77.19%. In
the N/P of 1:1 and 10:1 variation, ammonium was reduced by 46.91% and 26.28%, respectively.
On the other hand, in the N/P variation of 10:1, where the phosphate concentration was the lowest
among the other variations, phosphate also experienced the highest reduction, reaching 96.38%.
At N/P ratios of 1:1 and 1:10, phosphate reduction decreased to 74.26% and 71.41%, respectively.
This shows that the higher the content of ammonium and phosphate in the test solution, the
reduction was due to an increase in the pollutant load while other pollutants (Mg?2* ions) reached
their limits.

3.3. Mass precipitates

After 30 minutes of experiments, the precipitate formed was collected and weighed as a wet
mass. Figure 4 shows that the N/P molar ratio of 10:1 produced the highest mass of precipitate,
approximately 4.1914 grams, followed by the 1:10 ratio approximately 3.4379 grams. The 1:1 N/P
molar ratio resulted in the lowest precipitate mass (approximately 3.1139 g). This indicates that
a higher nitrogen concentration leads to a greater amount of precipitate formation during
electrolysis.

The increase in precipitate mass at the 10:1 N/P molar ratio was due to the higher availability
of ammonium ions in the solution, which enhanced the potential for struvite crystallization. This
is in accordance with previous studies reporting that higher concentrations of ammonium ions
lead to increased precipitation of struvite (Wang et al., 2022). The sacrificial magnesium anode
provided the essential magnesium ions needed for struvite formation. These ions consisted of
magnesium, ammonium, and phosphate.

3.4. Precipitate morphological analysis

The precipitate crystals observed under a microscope exhibit various shapes and sizes,
reflecting the conditions under which they were formed. In the firstimage (Figure 5a), the crystals
are predominantly elongated and needle-like, with some exhibiting a prismatic form. The crystals
were well-defined and their length varied, indicating a range of growth stages. The clarity and
sharp edges suggest that the formation conditions were relatively stable, allowing for the gradual
growth of the structures. In the second image (Figure 5b), the crystals appear to be more
fragmented, with irregular shapes and a higher degree of clustering. This may indicate either a
disturbance in the growth environment or the initial stages of crystal aggregation. The fragments
could be caused by mechanical stress or fluctuations in the conditions, such as pH or temperature,
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Figure 4. Wet mass of precipitates under different N/P molar ratio
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during the crystallization process. The third image (Figure 5c) shows a mix of larger, more defined
crystals and smaller, less distinct fragments. The presence of both well-formed and fragmented
crystals could indicate variations in the local environment, such as changes in supersaturation
levels or the presence of impurities that may have affected crystal growth.

Based on SEM analysis, it was established that the precipitate of the third variation of the N/P
molar ratio had a morphology similar to that of the precipitate of struvite in general. With
increasing ammonium concentration, the precipitate of struvite appears to have a larger volume
and a smoother surface. As the quantity of ammonium increased, the angle of the formed crystals
became increasingly dull, and the morphology of the precipitate became more pronounced (Li et
al., 2024). Based on the EDS analysis, the three variations exhibited peaks for the elements Mg, O,
and P, which are the forming elements of struvite. At the 1:10 and 1:1 variation, the spectrum
intensities of Mg, O, and P were higher than those at the 10:1 variation (Figure 6).
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Figure 6. Precipitates morphology by SEM-EDS at N/P of (a) 1:10; (b) 1:1; (c) 10:1
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The EDS data were then input into Visual MINTEQ 3.1 software to model the possible
precipitation. Of the three N/P molar ratio variations, only the 10:1 N/P molar ratio variation was
identified as struvite and magnesium phosphate precipitates with saturation index of 1.557 and
0.641, respectively. The remaining two variations identified only magnesium phosphate
precipitate with a saturation index of 1.332 for an N/P molar ratio variation of 1:10 and 1.497 for
an N/P molar ratio variation of 1:1. This indicated that at the 1:10 and 1:1 molar ratio, the
formation of magnesium phosphate was more dominant than the formation of struvite because
the ammonium concentration was not high enough to form struvite.

3.5. Energy consumption

The N/P molar ratio of 1:10 exhibited the highest energy consumption per mg phosphate
(approximately 0.090 Wh), followed by the N/P molar ratio of 1:1 (approximately 0.055 Wh), and
the N/P molar ratio of 10:1 had the lowest (0.011 Wh) (Figure 7). The reduction in energy
consumption atan N/P molar ratio of 10:1 suggested that this ratio enabled more efficient struvite
formation, possibly due to nitrogen-rich conditions facilitating ion transfer during the electrolysis
process. The energy consumption for all these variations (with an electrode gap of 2 cm) was much
lower than those of the Hug and Udert (2013) and Zheng et al (2009) studies, which were 2.2
Wh/mg-P with an electrode gap of 5.5 cm and 8 Wh/mg-P with an electrode gap of 5 cm,
respectively. These results support Zheng et al. (2009) report that the electrode gap can reduce
energy consumption.

Different molar ratios appeared to alter the electrochemical environment around the
magnesium anode, which subsequently influenced the energy consumption. A higher N/P ratio
(10:1) reduces the resistance within the solution, allowing reactions to occur with lower energy
input. This finding is significant for optimizing processes in terms of energy efficiency and cost-
effectiveness, particularly in applications aimed at sustainability on a larger scale.

4. Conclusion

In conclusion, the dissolution of Mg ions from magnesium plates during electrolysis is
influenced by the current density. As the current density increased, the dissolution rate of Mg ions
also increased; however, it was essential to consider the actual-to-theoretical ratio to achieve
energy efficiency targets. Based on the conducted experiments, an optimum current density of 50
mA/cm? was determined.

Additionally, the formation of struvite through electrolysis with a magnesium anode
depended on the N/P molar ratio of the test solution, which was consistent with the known factors
affecting struvite crystallization. The ammonium and phosphate reduction ratios at a 1:1 molar
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Figure 7. The energy consumption of the electrolysis under different N/P molar ratio
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ratio was approximately 46.91% and 74.26%, respectively. Increasing the ammonium molarity in
the test solution to 10:1 increased the phosphate reduction ratio to 96.38% while decreasing the
ammonium reduction ratio to 26.28%. The maximum precipitation of 4.1914 g was generated at
a molar ratio of 10:1 with a specific energy consumption of 0.011 Wh/mg-P, out of the three
ammonium/phosphate molar ratio variations.
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