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Abstract

Magnesium electrodes were investigated as the only source of magnesium for anodically-driven
struvite precipitation in a single-cell electrochemical batch reactor. The cell was operated in an acidic
environment with no pH adjustment. The effect of electrode composition on cell efficiency toward
struvite production was investigated for pure Mg versus an AZ31 Mg alloy. In a 6 h batch experiment,
the pure Mg anode out-performed the AZ31 alloy by producing a 4.5-fold greater mass of struvite
and a 2.8-fold higher steady-state current density. The measured Mg dissolution rates were 1.2 mg
cm? h'! for the pure Mg and 0.8 mg cm™ h™! for the AZ31 Mg alloy anode, respectively. The structure,

morphology, and composition of the electrochemically precipitated struvite were analyzed by x-ray
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diffraction, scanning electron microscopy, x-ray photoelectron spectroscopy, and energy-dispersive
x-ray spectroscopy. Results showed a crystalline struvite state, with an elongated needle-shaped
morphology and a particle size of ca. 30 um in length and ca. 6.5 um in width. The smooth sharp
edges are an indication of high-quality pure struvite, with no evidence of other precipitates or

interfering cations.

Keywords. FElectrochemical precipitation, Struvite, Magnesium sacrificial anode, Phosphorus

recycling, Nutrient management

1. Introduction

Municipal and agricultural wastewater streams are characterized by a high level of organic matter,
ammonia, and phosphorus content. This pollutant content leads to eutrophication of surface waters,
and the effluents must, therefore, be treated before discharging the wastewater into receiving water
bodies to reduce potential environmental impacts [1]. Most of the phosphate (ca. 2-20%) [2, 3] in
wastewater ends up either in the wastewater sludge solids and subsequently disposed of in landfills
or in the discharged effluent. Phosphate is, however, a limited mineral resource on Earth [4, 5], where
80-90% of phosphate is mined from rocks and its geographic concentration may lead to geopolitical
tensions [6]. Thus, alternative sources of phosphorus should be considered, including recyclable and
reusable sources from wastes (liquid or solid), to enable a sustainable global supply of phosphorus
[7-9]. Importantly, it is estimated that ca. 20-22% of the world’s consumption of phosphorus could
be recovered by efficient wastewater treatment [3, 10, 11]. One potential approach to recover
phosphates from wastewater, and other waste streams such as urine or manure, is by

precipitation/crystallization of struvite [10, 12-16].
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Struvite, magnesium ammonium phosphate hexahydrate (MgNH4PO4*6H20), is a poorly soluble
mineral, comprised of stable white orthorhombic crystals that can deposit along the pipelines of
wastewater and sewage sludge treatment plants [17, 18]. The general reaction for struvite

precipitation can be expressed as follows:
Mg?* + NHf + H,P0}~3 + 6H,0 — MgNH,PO, * 6H,0 | + nH* (D)

where n =0, 1 or 2 is based on the solution pH [14, 19]. Uncontrolled struvite formation in pipes and
pumps is a well-recognized problem, and its consequences are numerous, all leading to a significant
increase in the maintenance costs of a wastewater plant [20, 21]. Due to its chemical composition,
struvite is also considered a premium grade, slow-release fertilizer, which is a potentially marketable
product for the fertilizer industry and useable in agriculture [22]. For a controlled, large-scale struvite
precipitation process to be successful and economically viable, the size of the recovered crystals must
be controlled to prevent dissolution and to allow for effective particle separation. The purity is crucial
for environmental reasons, where co-precipitation of heavy metals is undesirable in a fertilizer
product and, where other precipitates (e.g., Mg(OH)2) may decrease the efficacy for plant growth

[19].

The development of struvite crystals follows two chemical stages: nucleation and crystal growth.
Both stages are complex and controlled by several factors [23]. Commonly, the formation of struvite
crystals is controlled by the concentration of Mg?*, NH4" and PO4> ions, ionic strength, pH,
temperature, mixing energy, and the presence of foreign ions [19, 24-27]. The pH is generally
considered to be a key factor controlling struvite precipitation, as a result of the phosphate ions
speciation, in other words, when the pH is increased the equilibrium is shifted toward PO+* [13, 28].
Chemical precipitation is a widely used method for struvite production, where it has been shown that

the optimal pH for high purity struvite is 7.5-9 [29]; however, the adjustment of pH required the
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addition of uneconomic extra chemicals [20, 30-32]. Others have reported a lower optimal pH range
of 7-7.5 for the formation of pure struvite, although the precipitation rate of struvite was significantly

lower within this lower pH range [28].

Electrochemical precipitation of struvite, where a sacrificial Mg alloy is used as the anode, eliminates
the need to add Mg from an external chemical source and potentially enables tunable control of pH
without chemical addition. In this approach, the necessary Mg for struvite precipitation is provided
from the anode as Mg ions due to corrosion. To our knowledge, Hug et al. [33] were the first to utilize
this approach and precipitate struvite from source-separated urine, by using a Mg plate (type
MgAl13Zn1m%) as a sacrificial anode. The authors reported a phosphorus removal rate of 3.7 mg P
cm? h'! at a current density of 55 A m™ [33]. Using the same concept and a high purity Mg alloy
(AZ91HP), Kruk et al. [31] achieved a slightly higher phosphorus removal rate of 4.0 mg P cm™ h’!

at a current density of 45 A m™.

The objectives of this study were to assess the feasibility of the electrochemical production of struvite
from synthetic wastewater in an acidic environment and to compare the effect of two different types
of sacrificial anode compositions: pure-Mg vs. AZ31 magnesium alloy (Al 3 wt%, Zn 1 wt%, balance
Mg), as the only Mg source, on the overall struvite precipitation process, with the electrochemical
reactor setup described in Fig. 1. Precipitates on the surface of the anode, on the surface of the
cathode, and from the bulk solution were fully characterized for elemental composition, structure,
crystallinity, and morphology. To our knowledge, this work is the first of its kind to study the

production of struvite without any pH adjustment.
2. Materials and methods

2.1. Materials
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Unless otherwise stated, all electrochemical experiments were performed with an aqueous solution
containing 0.077 M (7.53 g L'!) ammonium dihydrogen phosphate (NHsH2PO4) from Sigma-Aldrich.
The test solutions were prepared by using Milli-Q water (18.2 MQ, Millipore, Bedford, MA, USA).
The magnesium foil (99.9% pure), AZ31 magnesium alloy foil and stainless-steel (316SS) plates of
dimension 10 x 10 cm and 2 mm thick were purchased from Goodfellow Corporation. The flat plates
later were cut in-house into four test electrodes of dimension 5 x 5 cm. The abrasive paper (Norton
Abrasives) with different grain size used for polishing the electrodes was purchased at a local
hardware store. The pH of the test solution was measured before and after the experiments by using
a digital pH meter (Orion Star A111, Thermo Scientific). All batch experiments were carried out at
room temperature, and each experiment with different anodes was repeated at least four times for

reproducibility studies.
2.2. Reactor setup and electrolysis experiments

The electrolysis experiments were conducted in a single-compartment reactor filled with 0.85 L of
0.077 M test solution and continuously stirred at approximately 260 rpm. The schematic illustration
of the reactor setup is given in Fig. 1, where the electrodes were shaped as thin plates with an active
surface area of 40 cm? (NB: both sides of the electrodes were used). Pure-Mg or an AZ31 Mg alloy
served as the anode, and 316SS served as the cathode, while the distance between the electrodes was
held constant at 5 cm. The anode potential was controlled with a VSP-300 multichannel potentiostat/
galvanostat (Bio-Logic, USA) and was measured against a double-junction Ag/AgCl (3M NaCl,
BASI) reference electrode, where the reference electrode chamber was set close to the anode surface.
Single batch experiments were conducted with each test lasting 6 h at a fixed anode potential of -0.8
V, proposed previously by others [33]. After each batch experiment, the precipitate from the anode
and the cathode were collected and stored separately. The precipitate from the test solution was

recovered by vacuum filtration, where the filter holder was fitted with PTFE un-laminated membrane
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filters (0.45-micron, 47 mm from Sterlitech). The mass of the electrochemically precipitated struvite

was determined with an analytical balance (Mettler Toledo, XSE105 Dual Range).
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Fig. 1. Schematic illustration of the electrochemical setup, where a Mg anode was used as a sacrificial

anode. In this setup, Mg was electrochemically dissolved and precipitated as struvite.

2.3. Surface and material characterization

The elemental composition and morphology of the electrochemically produced struvite were
evaluated by using a scanning electron microscope (SEM) (FEI Nova Nanolab 200 Dual-Beam). The
electrochemically obtained struvite crystal sizes were determined from the SEM images by using NIH
Image/ ImagelJ, an open source image-processing program. The crystal structure analysis was
performed via x-ray diffraction (XRD) on a Philips PW1830 double system diffractometer equipped
with a Cu cathode. X-ray photoelectron spectroscopy (XPS) data were obtained by using a PHI
Versaprobe XPS scanning X-ray monochromator with a monochromatic Al K, beam. Mg and P
content in the precipitated solids and the electrolyte (solution) before and after the reaction were

measured using the inductively coupled plasma—optical emission spectroscopy (ICP-OES)
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(PerkinElmer Optima 8300) with a standard method 200.7 (US EPA, Rev. 4.4) to estimate the
recovery of these elements in the overall process. The recovered solids were dissolved in 2.0 mL of
5 N nitric acid followed by the appropriate dilutions. All samples were filtered before the analysis
using 0.2 pm nylon syringe filters (Fisherbrand, cat. no. 09-719-006). The ammonia concentration
was measured with a high-range (0.4 — 50.0 mg/L NH3-N) Hach standard kit using the salicylate

method and a Hach DR 2800 spectrophotometer.
2.4. Calculations

The expected magnesium release from the anode based on the measured current (mmg,current) can be
evaluated according to Faraday's law of electrolysis, and this current can be calculated by using the

following equation [33]:

MpgQ
Mprg,current = z[f (2)

where z is the magnesium valence (2), F is the Faraday constant (96485 C mol™), My, is the molar
mass of Mg (24.3 g mol™!), and Q is the electric charge (C) obtained from the integration of the / vs.

t curve (where [ is current in A and ¢ is time in s).

Phosphorus removal efficiency as struvite using each of the two different anodes was calculated after

the six-hour batch experiment using the following equation [34]:

Prem == x100% 3)

0

where Pren 1s the phosphorus removal efficiency (%), Co is the initial phosphorus concentration (mg

L), and C; is the phosphorus concentration at time ¢ (mg L™!).

The dissolution rate of the Mg during the batch experiments was determined according to the

following equation [34]:
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VMg = (4)

where v is the rate of the total magnesium dissolved in the test solution (mg cm h'), myy, is the
mass of the magnesium dissolved (mg), ¢ is the time (h), and 4 is the active surface area of the specific

anode (cm?).
3. Results and Discussion
3.1. Electrochemical struvite precipitation

To eliminate the effect of foreign ions and a possible co-precipitate alongside the struvite, the test
solution contained only ammonium dihydrogen phosphate, and the pH of the test solution was not
adjusted during the experiments. This synthetic wastewater composition allowed the fundamental
study of the impact of the Mg anode composition on electrochemical struvite formation without any
other complicating factors or parameters. While we recognize that this simplified system is far from
a representative wastewater composition, our approach is based on the importance of understanding
the behavior of the electrodes and the electrochemical system before proceeding to more complex
water chemistries, particularly given the lack of prior literature on electrochemical struvite

precipitation.

The initial pH of the test solution was 4.5+0.1 and had increased to 6.0+0.1 by the conclusion of each
6 h batch experiment. Thus, the experiments were carried out in an acidic environment. This measured
range is below the optimum pH range considered for struvite precipitation and reported by others [31,
33, 35]. Based on the equilibrium between the three forms of the phosphate ion, the pH of the test
solution is considered crucial for struvite precipitation: in alkaline solutions the PO4>* (HPO4*/PO4>"

pKa is ~12.67) [36-38] form dominates, whereas in weak acid solution the HoPO4™ (H3PO4/H2PO4
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pKais ~2.12) [36-38] form is more prevalent. In our system, the dominant form of phosphate is HoPO4

, as the HoPO4/HPO4> pKa is ~7.21 [36-38].

Interestingly, when the anode and the cathode were placed in the test solution, at open circuit voltage
(-1.6 V vs. Ag/AgCl, 3M NaCl), almost instantly, small fine particles were observed in the bulk
solution. At the same time, a thin white passivation layer, most likely corresponding to struvite, was
spotted on the surface of the electrodes. It is interesting to note that this phenomenon was also reported
[35], but only when the solution pH was greater than 8.2. However, the study performed by Ben
Moussa et al. [35] differs from the present study as the authors produced struvite by chemical
precipitation and were interested in the critical pH corresponding to the spontaneous precipitation of

struvite.

Chronoamperometric transients were recorded with the previously described electrochemical cell,
and the results are shown in Fig. 2. The current density decreased slowly and reached a low steady
value and we observed white crystals deposited on both the anode and the cathode. At the beginning
of the experiments, higher current densities were measured for the AZ31 alloy compared to the pure-
Mg (see Fig. 2, inset); however, the current density decrease of the AZ31 alloy was significantly
greater over time. The formation of struvite on the anode produced a passivating layer that most likely
inhibited the electron transfer between the electrodes and the test solution, which subsequently
decreased the efficiency of the electrode for the electrochemically driven struvite precipitation. Based
on these initial experiments, it appears that the passivating layer formed on the AZ31 alloy is far more
detrimental to the effectiveness of the electrode compared to the pure-Mg anode. In other words, the
properties of the precipitate layer formed on the AZ31 alloy reduce the ability of the alloy to corrode

and release Mg ions, which reduces struvite formation.
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It was shown previously [39] that the presence of Al and Zn ions (which are present in the composition
of the AZ31 alloy) have an adverse effect on the crystal size of the struvite. Hutnik et al. [39] showed
that the presence of Zn ions decreased the struvite crystal size by ca. 25%. It seems that this decrease
in the crystal size produced a more compact film on the AZ31 alloy, which in turn had a more
significant impact on the electrode fouling. In contrast, the struvite layer on the pure-Mg anodes,
where there were no interfering ions present, presumably had larger crystals formed in their structure

and produced a significantly less compact film; thus, the fouling was less significant.

Fig. 2. The changes in the current density over time during the electrochemical precipitation of struvite on
(1) pure-Mg and (2) AZ31 magnesium alloy anodes. Applied potential was -0.8 V vs. Ag/AgCl (3 M, NaCl).
Inset: The change in the current density in the first hour using (1) pure-Mg and (2) AZ31 magnesium alloy

anodes.

The steady state current density obtained for the pure Mg anode was 2.8-fold higher than that of the
AZ31 alloy (Table 1). Furthermore, the theoretical Mg release (mmg,current), calculated according to
Faraday’s law of electrolysis, was 0.269 g for the pure Mg anode and 0.149 g for the alloy (Table 1).
We note that our calculations do not account for any ohmic losses that may have occurred generally

in the system and as a result of the passivating struvite precipitate layer on the surface of the anode

10
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and cathode. This set of results suggests that the pure Mg anode likely produces a greater amount of
struvite under the same test reaction conditions, as compared to the AZ31 alloy. The total weight of
Mg that was released in each batch experiment in both the electrolyte and the precipitates was
measured and compared by using ICP-OES analysis. In experiments where pure Mg was used as the
anode, the total Mg released was 0.304 g, whereas for the AZ31 alloy, the total Mg released was

0.199 g.

The observed higher Mg content in the precipitates and in the electrolyte after the 6 h batch
experiments, as compared to the theoretical Mg release calculations, can be explained by the fact that
the anodes might experience self-corrosion or loss of metal by spalling [31, 33, 40]. Song et al. [41]
elegantly showed that the anodic dissolution of Mg in solutions containing phosphate or chloride is
described by a heterogeneous electron transfer followed by a homogeneous chemical (EC) reaction.
More specifically, in the first step Mg is electrochemically oxidized into an Mg" intermediate (this
step is assumed to be the rate-determining step), and in the second step, Mg" is further oxidized to

Mg?* by the chemical Hz evolution reaction.

The pure Mg anode not only released a greater amount of magnesium but also produced a 4.5-fold
greater amount of struvite over 6 h, as compared to the AZ31 alloy (Table 1). Thus, we conclude that
the use of the pure-Mg is more beneficial towards efficient struvite production than the AZ31 alloy.
The production of 1.8 g of struvite corresponds to a 11% yield for the pure-Mg, while the production
of 0.4 g corresponds to a 3% yield for the AZ31 alloy, where the percent yield was determined from
the expected struvite formation based on the known amount of ammonium and phosphate in the test
solution. The expected struvite formation calculated from the measured current densities were 5.4 g
(35%) for the pure Mg and 3.1 g (19%) for the AZ31 alloy, which are significantly higher compared

to the obtained struvite in the batch experiments (Table 1).

11
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At first glance, the low yields may be explained by the simple fact that we operated slightly under the
optimum pH range considered for struvite precipitation, or by the sample collection method, where a
significant amount may be lost (the struvite cannot be fully recovered from the anode surface due to
pitting). In reality, the overall electrochemical struvite production process is quite complicated and
involves multiple reactions occurring simultaneously at the electrode surface. At the anode surface,
besides the formation of Mg?" due to corrosion, H, and OH- are also formed. The latter will increase
the local pH, which in turn will shift the HoPO4 toward HPO4?" and PO4*". At the same time, at the
cathode, surface water molecules are reduced to Hz and OH", produced by competing electrochemical
reactions such as Hz evolution reaction (HER). During the batch experiments, bubble formation on
both the anode and the cathode was observed, which is evidence of the HER. Another competing
reaction likely occurring on the cathode is the O reduction reaction (ORR) which is typically a
prevalent cathodic reaction on stainless steel [28, 31, 34]. Moreover, the formation of the insulating
layer of struvite on the anode reduces the available surface area for active corrosion. All the above-

mentioned processes will influence the overall reaction yield of struvite.

Further, in using Eq. (2) to calculate the estimated mass and yield of struvite from the current
produced, we are assuming only Faradaic processes are the source of current produced, and we are
ignoring non-Faradaic processes. However, non-Faradaic processes, including both ohmic losses and
mass transport losses may occur. Ohmic losses are likely within the overall system and may also
increase during the electrochemical process as a result of formation of the passivating struvite layer
on both the anode and the cathode. If ohmic and mass transport losses are significant in our system,
our simple assumption of Faraday’s law in our struvite calculations would lead to an over-estimate
of Mg release and therefore an over-estimate of the theoretical struvite mass and yield expected, as
predicted from the measured current. If we consider the values obtained for the mass and % yield of

struvite predicted from the current produced (Msuruvite,current and Yieldsiuvite,current, Table 1) versus the

12
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measured mass of struvite recovered (msuuvite), the larger values for the current-based predictions can
be explained by an over-estimation as a result of excluding non-Faradaic losses in our calculations.
Future work will include an effort to measure and account for ohmic losses within our electrochemical

system and as a result of the struvite passivating layer on the electrode surfaces.

Table 1
Initial and final pH of the test solution, theoretical Mg release, the actual Mg release, current density, the

amount of struvite and the yields obtained with the different anodes.

Anod pHi* pH® mmgcurrent  Mae’(g) je Mstruvitecurre  Yi€ldseruvitescurr  Mstruvie Y€l
¢ ‘(8 (mA ne' (8) ent® (%0) ' (2) d
em’?) (%)
Pure- 4.6£0. 6.1£0.0 0.269+0. 0.304+£0. 1.7+0. 5.4=£1.1 3547 1.8£0. 11#3
Mg 1 5 05 07 3 4
AZ31 4.5+£0. 5.9+0.0 0.149+£0. 0.199+£0. 0.6=0. 3.1+0.3 19+2 0.4+0. 3%0.
1 6 02 05 2 1 8

%initial bulk pH; final bulk pH; ‘theoretical Mg release according to Eq. 2; ‘Mg release determined by ICP-
OES; °steady-state current density; ‘amount of struvite expected from the measured current density; 2percent
yield predicted from the measured current; "famount of struvite obtained after six-hour batch experiments;

ipercent yield of struvite obtained from the known amount of ammonium and phosphate in the solution.

3.2.Elemental characterization and nutrient recovery

Detailed characterization of the elemental composition (Mg:N:P) in precipitates recovered from the
anode surface, the cathode surface, and the bulk solution are reported as molar ratios in Fig. 3. The
data represent the average values of duplicate experiments and have a relative standard deviation

(RSD) of less than 5%. The samples collected from the anode surface showed a Mg:N:P molar ratio

13
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of 1.2:1:1 (pure-Mg) and 1.3:1:1 (AZ31). The molar ratios were comparable to the expected
theoretical molar ratio of 1:1:1, which is considered the optimum for the high-grade purity struvite
obtained by chemical precipitation [42, 43]. The higher Mg content, however, could be the result of
the sample collection method (the precipitate is scraped off the anode surface). The samples collected
from the cathode surface had the following molar ratios: 1:0.8:1 (pure-Mg) and 1.1:0.8:1 (AZ31),
while the samples collected from the solution had 1.2:0.9:1 (pure-Mg) and 1.3:0.9:1 (AZ31),
respectively. Although the phosphorus molar ratios recovered from the cathode surface and the bulk
solution revealed to be slightly lower than that of anode, the differences are not statistically

significant.

Elemental composition of the precipitates formed on the anode, cathode, and in the bulk solution as
weight percentage (wt%) are illustrated in the Fig. A.1, where the reported values represent the
average results from duplicate experiments and the error bars the standard deviation. The results show
that the highest phosphorus removal occurred on the anode surface. Theoretically, the Mg, P, and N

content of a pure struvite are 9.9, 12.6, and 5.7 wt%, respectively.

Mg:P:N molar ratio
Mg:P:N molar ratio
Mg:P:N molar ratio

Pure Mg AZ31 Pure Mg AZ31 Pure Mg AZ31
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Fig. 3. The detailed characterization of the precipitated struvite on the (a) anode, (b) cathode, and (¢) in the
solution as molar percentage of the struvite (NB: the Mg:N:P molar ratios of high-grade purity struvite are

1:1:1).

Results from ICP-OES analysis performed on the solutions collected from the reactor after each 6-
hour experiment are illustrated in Table 2. The results reveal that experiments conducted with AZ31
alloy as the anode have higher Mg and P concentrations remaining in solution (Table 2). The presence
of Al and Zn in small concentrations in the test solution in the case of the AZ31 anode is the result of
the alloy composition. These impurities were collected in the test solution during the corrosion

process of the anode.

Table 2
Concentrations of elements presented in the solution after the experiments performed with pure magnesium

and AZ31 alloy as the anode, performed by ICP-OES analysis.

Anode Mg (ppm) P (ppm) Al (ppm) Zn (ppm)
Pure-Mg 12549.1 1453+118 0.0+0.0 0.0+0.0
AZ31 146+5.1 1631+18.3 0.1£0.0 0.1£0.0

Studies performed with the pure Mg anode resulted in a lower P content in the remaining solution,
which indicates a higher overall P recovery, see Table 2. Based on Eq. (3), the P and N removal
efficiencies for the experiments conducted with pure Mg anode were 38.84+6.8 wt% and 16.0+5.8
wt%, respectively, compared to that of 31.6+0.5 wt% and 7.7+£0.9 wt%, respectively, in the case of
the AZ31 alloy. The overall Mg dissolution rates calculated according to Eq. (4) were 1.2 mg cm™ h"
! for the pure-Mg and 0.8 mg cm? h! for the AZ31 Mg alloy anode, respectively. The higher
dissolution rates obtained for the pure Mg anodes substantiates the higher total magnesium release

determined with ICP-OES analysis.
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3.3. Struvite analysis

Inspection after the 6 h batch experiments revealed that both the anode and the cathode were covered
by struvite particles. Struvite precipitate was also observed in the test solution as well. To characterize
the struvite from each of these sources, the struvite from both electrodes was carefully scraped off,
while the struvite from the test solution was recovered by vacuum filtration. Next, the
electrochemically obtained struvite was studied in detail by various surface characterization
techniques. We note that our filtration recovery approach does not include any dissolved, solubilized
struvite that may have remained in the saturated aqueous solution in our overall measurement of
struvite recovery. While our measurements of the filtered solid struvite particles inherently miss
accounting for the solubilized portion, we note that in a real struvite recovery process, only formed
particulates would be easily recovered. Thus, our approach of focusing on the particulate struvite as
the recoverable portion is relevant to an envisioned engineered wastewater treatment process, and
with this approach, we are not over-estimating the possible struvite able to be recovered by also

including a solubilized struvite contribution.

The morphology of the precipitated crystals was characterized by XRD, and the results are presented
in Fig. 4. The XRD patterns obtained from the electrochemically produced struvite were compared
to the spectrum of struvite standard (PDF card no. 01-077-2303, Fig. A.2) and the commercially
available struvite (Crystal Green) produced by chemical precipitation. The XRD patterns
demonstrated high similarity in the peak position and intensity to both pure struvite (Fig. A.2) and
the commercially available struvite. The difference in the peak intensities observed in the XRD
patterns means that the structure of the precipitate might be different from that of the commercially
available struvite. There were no additional diffraction peaks detected, which would correspond to
another mineral, such as magnesium ammonium phosphate monohydrate, also known as dittmarite

or magnesium phosphate [44, 45].
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The surface morphology was further analyzed with XPS, where the spectra was obtained over the
energy range of 0-1200 eV and 0-1400 eV (Fig. A.3-A.6). The electrochemically obtained struvite
showed a high degree of similarity with XPS data reported previously [46] and compared to the
commercially available struvite (Crystal Green). The core level peaks were Mg 1s (1303.7 eV), Mg
2p (50.2 eV), O 1s (532.6 eV), N 15 (400.1 eV), C 1s (282.5 eV) and P 2p (135.1 eV). It is worth
mentioning that in the case of the AZ31 alloy, peaks corresponding to Ca can be observed, which are

present in the alloy composition (0.040%).

Intensity (a.u.)
M

Intensity (a.u.)
5
S
g

N

10 20 30 40 50 60 70 10 20 30 40 50 60 70
2-Theta (degrees) 2-Theta (degrees)

Fig. 4. XRD patterns of the (1) commercially available struvite (Crystal Green) and the electrochemically
obtained struvite collected from (2) anode, (3) cathode, (4) bulk solution, where (a) pure Mg- and (b) AZ31

alloy was used as the anode, respectively.

The electrochemically obtained struvite crystals were also studied and analyzed by SEM, and results
are shown in Fig. 5. In all cases, the crystals displayed an elongated, needle-shaped pattern with
smooth, sharp edges, which is typical for high purity struvite [14, 19, 28, 47] and a particle size of ca.
30 um in length, as well as, ca. 6.5 um in width. The sharp, smooth edges suggested that there were
no divalent cations present, which might affect the struvite crystal structure [19]. In the SEM images

of struvite collected from the different anodes and cathode, respectively, smaller irregular shaped

17



334  crystals can be observed as well (Fig. A.7). These smaller crystal structures are most probably the

335  result of the collection process, and it seems that certain crystals were damaged.

Fig. 5. SEM images of the electrochemically obtained struvite crystals after 6 h batch experiments, where
pure-Mg (top) was used as anode and collected from (a) anode, (b) cathode, (c) test solution; and AZ-31

alloy (bottom) was used as anode and acquired from (d) anode, (e) cathode, and (f) test solution.

336 The EDX spectrums (Fig. A.8) showed that highest peaks were obtained for Mg, P, and O (major
337 elements composing struvite in mass percentage), confirming the purity of the crystal formed. In the
338 case when pure Mg was used as the anode, as expected, no traces of other compounds have been
339  found in the struvite, regardless from where the sample was collected from (anode, cathode or the test
340  solution, Fig. A.8). In the case of the AZ31 alloy, the EDX spectrum of the struvite recovered from
341 the anode surface showed trace elements of Al and Zn, see Fig. A.9. Both metals are present in the

342  AZ31 alloy, and their presence in the struvite can be explained by the fact that the samples were
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collected by scraping them off from the anode surface. The samples collected from the cathode or the

test solution did not contain any other elements in their EDX spectrum.

4. Conclusions

In summary, we showed the feasibility of electrochemical struvite precipitation with a simple reactor
setup in acidic aqueous solutions, without pH adjustment, containing only ammonium dihydrogen
phosphate and using a Mg sacrificial anode as the only source of Mg. We studied the effect of two
different types of sacrificial anodes on struvite production: pure Mg vs. an AZ31 Mg alloy, where the
reactor with the pure Mg anode outperformed the one with the AZ31 Mg alloy, by producing a 4.5-
fold greater amount of struvite. In addition, the purity of the electrochemically precipitated struvite
was determined with various surface characterization techniques, and they showed characteristics
comparable to the commercially available and to the high-grade purity struvite standard. Overall, in
this electrochemical reactor setup, the pure Mg anode showed a better performance towards the
electrochemical struvite precipitation. On the other hand, further explorations on optimizing the
reactor setup should be achieved in order to improve the percent yield of the system and to become a

viable option in large-scale struvite production.
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