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Abstract.  13 

The removal and recycling of phosphorous from wastewater streams by electrochemical precipitation 14 

of struvite is a new and exciting approach; however, previous studies showed low percent yields in 15 

single cell batch experiments without pH adjustment. To investigate improvement of the percent 16 

yield, the surface-area-to-volume ratio of the electrodes was increased by 1.9-fold; consequently, a 17 

27% increase in struvite production was observed for the pure-Mg anodes, but only a 2% increase for 18 

the AZ31 alloy. Potentiodynamic polarization experiments revealed 1.8-fold higher corrosion rates 19 

for the AZ31 alloy, which is in contradiction with the 2.8-fold higher magnesium dissolution rates 20 

calculated for the pure-Mg during struvite precipitation. This discrepancy between the techniques is 21 

attributed to the difference in the electrochemical environment, where the formation of an insulating 22 

layer of struvite on the anodes during the batch precipitation experiments is a critical difference. 23 

Based on characterization of the morphology and chemical structure of the precipitate, studied by 24 

Fourier-transform infrared spectrometry and scanning electron microscopy, pure struvite was 25 

obtained with a particle size of ca. 73 µm in length and ca. 13 µm in width for pure-Mg and ca. 44 26 

µm in length and ca. 8 µm in width for the AZ31 alloy anode, respectively. 27 
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 28 

Introduction 29 

The removal of excessive nutrients like nitrogen and phosphorus from wastewater streams has 30 

become essential to avoid water quality degradation or eutrophication of the receiving waterbodies 31 

and to meet the legal requirements enforced on wastewater disposal.1, 2 One simple way to remove 32 

these nutrients is by precipitation as magnesium ammonium phosphate hexahydrate 33 

(MgNH4PO4*6H2O), also known as struvite, a poorly soluble mineral with an orthorhombic crystal 34 

structure.3, 4 Struvite is well-known to wastewater plant operators because the mineral causes 35 

blockages in pipes and pumps, therefore increasing operating costs.5, 6 On the other hand, struvite is 36 

also considered to be a slow-releasing, premium-grade fertilizer and can be used successfully in 37 

agriculture.7, 8  38 

Struvite crystallization depends on factors such as the ratios of Mg2+, NH4
+, and PO4

3- ions, ionic 39 

strength, potentially interfering ions (especially divalent cations), and pH, where the latter is generally 40 

considered to be a key factor.9, 10 Chemical precipitation of struvite is a widely used technique. 41 

However, a drawback of chemical precipitation is the required addition of extra chemicals (i.e., 42 

magnesium salt and base) into the water. On the other hand, electrochemical precipitation of struvite 43 

in wastewaters is a new approach where a sacrificial magnesium-based anode is used as the only 44 

source for magnesium and hydroxyl anions are generated, eliminating the addition of extra 45 

chemicals.11, 12 The electrochemical reactions involved in the struvite precipitation were described in 46 

detail by others,9, 11, 13-15 and the overall reaction can be described as:  47 

Mg2+ + NH4
+ + H𝑛𝑛PO4

𝑛𝑛−3 + 6H2O → MgNH4PO4 ∗ 6H2O ↓ + 𝑛𝑛H+  (1) 48 

where n = 0, 1 or 2 is based on the solution pH.16, 17 The electrochemical precipitation of struvite is 49 

strongly dependent on the corrosion rate of the magnesium-based anode. Nonetheless, the formation 50 

of a passivating layer of struvite, reported by others and observed in our previous experiments,13-15, 18 51 

on the surface of the anode during the electrochemical precipitation complicates the overall process 52 

by having a negative effect on the struvite production.  53 

The corrosion behavior of pure-Mg and Mg-alloys has been studied previously19-23 and was shown to 54 

significantly depend on the medium to which the magnesium material is exposed.24 These corrosion 55 

studies performed on pure-Mg and Mg-alloys have revealed that accurate corrosion rates are difficult 56 

to obtain, and there are certain inconsistencies between the corrosion rates obtained by 57 
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electrochemical and gravimetric methods. The corrosion rates obtained by the electrochemical 58 

approach were shown to produce an underestimation of the Mg corrosion compared to the ones 59 

obtained by weight loss measurements.25-27 This discrepancy was associated with various causes, e.g., 60 

material disintegration,28 anomalous chemical dissolution29 (NB: This can coincide with 61 

electrochemical corrosion), or with limitations in the application of the Stern-Geary equation.30 For 62 

this reason, the corrosion rates obtained in this work by electrochemical methods should be 63 

considered as relative values rather than absolute, where they are presented as a comparison between 64 

the pure-Mg and the AZ31 Mg alloy.  65 

The objectives of this work were to improve the percent yield of electrochemical struvite precipitation 66 

in an acidic environment without pH adjustment by increasing the surface-area-to-volume ratio 67 

(SV/A) and to study the effect of the insulating layer formed during batch experiments on the 68 

corrosion rate of the magnesium-based sacrificial anode (see Figure 1). The morphology and the 69 

composition of the electrochemically precipitated struvite were investigated by Fourier-transform 70 

infrared spectrometry (FT-IR), x-ray diffraction (XRD) and scanning electron microscopy (SEM). 71 

// Figure 1 // 72 

Experimental 73 

2.1. Materials 74 

The ammonium dihydrogen phosphate (NH4H2PO4) was purchased from Sigma-Aldrich, and the test 75 

solutions were prepared by using Milli-Q water (18.2 MΩ, Millipore, Bedford, MA, USA). The pH 76 

of the bulk test solution was measured before and after the experiments by using a digital pH meter 77 

(Orion Star A111, Thermo Scientific). The high purity Mg (99.9% pure), AZ31 Mg alloy (Al 3 wt%, 78 

Zn 1 wt%, balance Mg) and stainless-steel (316SS) plates (5 x 5 cm; 2 mm thick) were purchased 79 

from Goodfellow Corporation. The plates were cleaned by mechanical polishing, using sandpaper 80 

with different grain sizes, purchased at a local hardware store.   81 

 82 

 83 

2.2. Reactor setup and electrolysis experiments 84 
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The batch struvite precipitation experiments were conducted in a single-compartment reactor as 85 

described in our previous studies, with small modifications. The reactor was filled with approx. 450 86 

mL of the test solution (0.077 M) and was continuously stirred at ~220 rpm. The batch experiments 87 

lasted for 6 h at a fixed anode potential of -0.8 V, proposed previously by others,14 controlled with a 88 

VSP-300 multichannel potentiostat/galvanostat (Bio-Logic, USA) and measured against a double-89 

junction Ag/AgCl (3M NaCl, BASi) reference electrode. The graphic illustration of the experimental 90 

setup is shown in Figure. 1, where pure-Mg or the AZ31 alloy served as the anode, and 316SS served 91 

as the cathode. The 25 cm2 size plates with an active surface area of ~40 cm2 (both sides of the 92 

electrodes were used) were placed at a distance of 5 cm from each other. The precipitates formed on 93 

the anode and cathode were collected by scraping the electrode carefully with a razor, while the 94 

precipitate formed in the test solution was recovered by vacuum filtration, where the filter holder was 95 

fitted with PTFE un-laminated membrane filters (0.45-micron, 47 mm from Sterlitech). All batch 96 

experiments were performed at room temperature. 97 

2.3. Corrosion studies 98 

The electrochemical corrosion studies were performed in various concentrations of the test solution 99 

(0.0077 M – 0.3 M) by using a homemade three-electrode cell system designed for flat electrodes 100 

connected to the potentiostat/galvanostat G3000-30111 (Gamry Instruments Inc., USA). The 101 

potentiodynamic polarization (PDP) curves were obtained by sweeping the electrode potential from 102 

-2.0 to +0.5 V versus open circuit potential at 0.5 mV s-1 scan rate. The EC-Lab Version 10.1x 103 

Software package was used for data analysis and fitting. Gravimetric analysis was performed by 104 

placing the pure-Mg and the AZ31 alloy plates in various concentrations of the test solution (0.0077 105 

M – 0.3 M) for 6 h. Before the tests, the plates were weighed. After 6 h, the plates were dried at room 106 

temperature and weighed again the following day, to calculate the mass loss.  107 

2.4. Surface characterization 108 

The elemental composition and morphology of the electrochemically produced struvite were 109 

evaluated by using a scanning electron microscope (SEM) (FEI Nova Nanolab 200 Dual-Beam). The 110 

electrochemically obtained struvite crystal sizes were determined from the SEM images by using NIH 111 

Image/ ImageJ, an open source image processing program. A PerkinElmer Frontier Fourier-transform 112 

infrared spectrometer (FT-IR) was used to characterize the chemical differences between 113 

commercially available struvite and struvite developed through experimental electrochemical 114 
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methods. FT-IR spectrophotometric analysis was carried out using infrared light with ten wavelength 115 

scans from 4000 cm-1 – 650 cm-1 at a resolution of 4 cm-1. The crystal structure analysis was 116 

performed via x-ray diffraction (XRD) on a Philips PW1830 double system diffractometer equipped 117 

with a Cu cathode.     118 

2.5. Calculations  119 

The expected magnesium release from the anode based on the measured current (mMg,current) was 120 

evaluated according to Faraday's law of electrolysis using the following equation: 121 

𝑚𝑚𝑀𝑀𝑀𝑀,current = 𝑀𝑀𝑀𝑀𝑀𝑀𝑄𝑄
𝑧𝑧𝑧𝑧

     (2) 122 

where z is the magnesium valence (2), F is the Faraday constant (96485 C mol-1), MMg is the molar 123 

mass of Mg (24.3 g mol-1), and Q is the electric charge (C) obtained from the integration of the I vs. 124 

t curve (where I is current in A and t is time in s).  125 

The dissolution rate of the Mg during the batch experiments was determined according to the 126 

following equation: 127 

𝑣𝑣𝑀𝑀𝑀𝑀 = 𝑚𝑚𝑀𝑀𝑀𝑀,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(𝑡𝑡 x 𝐴𝐴)
      (3) 128 

where vMg is the rate of the total magnesium dissolved in the test solution (mg cm-2 h-1), mMg,current is 129 

the mass of the Mg dissolved (mg), t is the time (h), and A is the active surface area of the specific 130 

anode (cm2). 131 

The measured corrosion current, from which the corrosion rate can be estimated from a Tafel-plot, 132 

was obtained by performing a linear least square fit of the Butler-Volmer (Erdey-Gruz-Volmer) 133 

equation to the data. The corrosion rate was estimated according to the following equation: 134 

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟 = 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 x 𝐾𝐾 x 𝐸𝐸𝐸𝐸
𝜌𝜌 x 𝐴𝐴

     (4) 135 

where vcorr is the corrosion rate in millimeter per year (mmpy or mm y-1), Icorr is the corrosion current 136 

(mA), K is a constant that defines the units of the corrosion rate, EW is the equivalent weight (g 137 

equivalent-1), ρ is density (g cm-3), and A is the sample area (cm2).  138 

 139 
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3. Results and Discussion 140 

3.1. Electrochemical struvite formation and characterization 141 

In our previous batch experiments, where we investigated electrochemical struvite precipitation using 142 

a sacrificial Mg anode as the only source for Mg in an acidic environment with no pH adjustment, 143 

the obtained percent yields (calculated based on the known starting concentrations of ammonium and 144 

phosphate in the test solution) were low, 11±3% for the pure-Mg and 3.0±0.8% for the AZ31 alloy 145 

anode, respectively.  In other words, the % yield is equal to actual yield of struvite (i.e., the measured 146 

mass of struvite recovered from the reactor) divided by the theoretical yield of struvite based on the 147 

known starting concentrations of ammonium and phosphate multiplied by 100. To increase the 148 

percent yields and to improve struvite production, the SV/A was increased by 1.9-fold, from 0.047 149 

cm-1 to 0.089 cm-1. The results of the 6 h batch experiments with the increased SV/A and no pH 150 

adjustment are shown in Table 1.  151 

Similar to our previous measurements, the pH of the bulk test solution increased from an initial pH 152 

of 4.5±0.01 to 6.3±0.06 during the 6 h testing period. The theoretical Mg release (mMg,current), 153 

calculated according to Faraday’s law of electrolysis (Eq. 2), was 0.343±0.03 g for the pure-Mg anode 154 

and 0.115±0.01 g for the AZ31 alloy. The new reactor system with the increased SV/A with the pure-155 

Mg anode produced a 6.4-fold higher amount of struvite compared to AZ31 alloy. The production of 156 

3.2±0.2 g of struvite corresponds to a 38±2% yield for the pure-Mg, while the production 0.5±0.1 g 157 

corresponds to only a 5±0.5% yield for the AZ31 alloy, where the percent yield was determined as 158 

described in the previous paragraph.  159 

// Table 1 // 160 

The Mg dissolution rates calculated according to Eq. 3 were 1.4 mg cm-2 h-1 for the pure-Mg anode 161 

and 0.5 mg cm-2 h-1 for the AZ31 Mg alloy anode, respectively. The increase of the SV/A seemed to 162 

have a powerful effect on the percent yield of struvite obtained for the pure-Mg anode, where an 163 

increase of a 27% was observed. On the other hand, the increase of the SV/A did not have a significant 164 

effect on the AZ31 alloy performance toward struvite production, where only a 2% increase in the 165 

obtained percent yield was observed. This result suggests that the corrosion resistance of the AZ31 166 

Mg alloy is significantly higher compared to the pure-Mg anode, and that the formation of the 167 

insulating layer during the batch experiments has a dramatic outcome on the corrosion rates, which 168 

in turn can have a negative influence on the struvite precipitation.31  169 
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Surface chemical composition analysis was carried out on the struvite obtained in the batch 170 

experiments. The FT-IR spectra showed typical vibrational excitation of the functional groups 171 

characteristic and previously reported for struvite,32-34 see Figure 2. The four distinct bonding regions 172 

specific to struvite are metal-oxygen bonds, hydrogen-amine bonds, oxygen-phosphorous bonds, and 173 

oxygen-hydrogen bonds.35 The broad, complex, asymmetric band between 2325-3245 cm-1 can be 174 

attributed to the O-H and N-H stretching vibrations, where the broad band at ~2900 cm-1 indicates 175 

the v1 symmetric stretching vibration of N-H. The band at 2342 cm-1 is associated with the H-O-H 176 

stretching vibrations, while the bands at 1687-1585 cm-1 are attributed to the water H-O-H bending 177 

region. The sharp peak at 1432 cm-1 is an original band for N-H bending, while the symmetric P-O 178 

stretching vibration is visible as a robust, sharp peak at ~980 cm-1 for all samples. The multiple bands 179 

observed at 885-755 cm-1 represent the wagging modes of vibration of water molecules. 180 

// Figure 2 // 181 

The crystal structure of the solids was further characterized by XRD, and the results are shown in 182 

Figure 3, where the XRD patterns of the electrochemically obtained precipitates were compared to 183 

the pure struvite standard (PDF card no. 01-077-2303) and to the commercially available struvite 184 

(Crystal Green) as well. The XRD patterns showed no differences in the peak position; moreover, no 185 

additional diffraction peaks were observed, which would indicate the presence of another (interfering) 186 

mineral.36, 37 187 

// Figure 3 // 188 

The struvite samples obtained with 6 h batch experiments in 0.077 M ammonium dihydrogen 189 

phosphate using the pure-Mg or the AZ31 alloy as the anode were studied and analyzed by SEM, and 190 

the results are shown in Figure 4. In both cases, the results showed a morphology suggestive of the 191 

formation of high-quality pure struvite, with a needle-shaped elongated structure and smooth, sharp 192 

edges (NB: the sharp, smooth edges is a strong indication that there are no cations present in the 193 

crystal structure other than the expected cations of Mg2+ and NH4
+).16 In other words, there are no 194 

foreign cations present that are not part of the expected struvite composition of MgNH4PO4*6H2O. 195 

The reactor with the pure-Mg anode produced electrochemically precipitated struvite with a particle 196 

size of ca. 73 µm in length and ca. 13 µm in width (Figure 4A). The reactor with the AZ31 alloy 197 

anode produced smaller size struvite crystals of ca. 44 µm in length and ca 8 µm in width (Figure 198 

4B). The smaller crystal sizes formed on the AZ31 alloy during the electrochemical measurements 199 
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may suggest the formation of a more compact insulating layer, which in turn would have a more 200 

drastic effect on electrochemically driven overall struvite formation.   201 

// Figure 4 // 202 

In a single-cell electrochemical batch reactor, the overall struvite production process is quite 203 

complicated and involves multiple reactions all co-occurring at the electrode surface.14 In simplified 204 

terms, however, the electrochemically produced struvite depends mainly on the molar ratio of 205 

Mg2+:NH4
+:PO4

3- available in the test solution. However, in our setup the ratio of Mg2+ to NH4
+:PO4

3- 206 

changes significantly during the experiments. The concentration of the Mg2+ ions in the test solution 207 

at the start of the batch experiments is minimal, and over time, due to the formation of the insulating 208 

layer, becomes finite, making the availability of magnesium a limiting factor. In this context, a solid 209 

comprehension of the corrosion process at the sacrificial anode and how the formation of the 210 

insulating layer affects the availability of the Mg2+ becomes important. 211 

3.2. Anode pitting behavior  212 

As part of the electrochemical struvite precipitation study, we used an optical microscope to 213 

understand the morphological impact of magnesium corrosion on the electrode surface and the 214 

differences in morphology observed for the pure magnesium versus the AZ31 alloy; images were 215 

taken post-mortem after the 6 h batch tests and after struvite removal from the surface. The corrosion-216 

induced pitting effect on pure-Mg and AZ31 Mg alloy anodes is shown in Figure 5, where a different 217 

pitting pattern can be observed between the two anode compositions. The differences in pitting 218 

morphology and growth can be associated with the different distribution of the Mg atoms on the 219 

surfaces of the anodes. In the case of pure Mg, where only Mg atoms are present, the pits form in a 220 

more inhomogeneous pattern, where larger diameter, interconnected pits, and irregular pitting were 221 

observed (Figure 5B).   222 

The incorporation of Al and Zn atoms into the composition of the AZ31 alloy changes the subsequent 223 

pit morphology of the surface, where the composites are susceptible to galvanic or bimetallic 224 

corrosion.38 The impurities present in the alloy composition likely form secondary phases within the 225 

alloy structure, where the grain boundaries are known to act as cathodes,19, 24, 39, 40 compared to the 226 

body of the primary grains which are anodic and result in Mg corrosion. This difference in typical 227 

alloy grain morphology41-44 also explains the small, more uniform pitting observed (Figure 5D) on 228 

the surface of the AZ31 alloy after the batch experiments, where the pitting is likely concentrated and 229 

localized at the sites where Mg atoms were present. Based on the uniform pitting throughout the 230 
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anode, it appears that the alloy composition has a homogeneous surface distribution of the Mg, Al, 231 

and Zn atoms.  232 

// Figure 5 // 233 

3.3. The effect of NH4H2PO4 concentration on anode corrosion 234 

To better understand the level of influence of the anode corrosion on the overall production of struvite 235 

in the electrochemical cell, PDP experiments were performed. The PDP curves recorded (not iR 236 

corrected) with the pure-Mg and the AZ31 alloy in various concentrations of dihydrogen ammonium 237 

phosphate are shown in Figure 6. From the curves, it can be observed that for all concentrations, there 238 

is a well-developed anodic branch in which the current density increases with potential; this behavior 239 

is consistent for both types of electrodes (pure-Mg shown in black and AZ31 alloy shown in red, 240 

Figure 6).  241 

It is evident that during anodic polarization, the electrodes display similar behavior, whereas at the 242 

cathodic branch, the AZ31 alloy sustains significantly higher currents. At high anodic polarization, 243 

the anodic branch starts to deviate from Tafel behavior, while the formation of a passivating layer 244 

can be observed, which indicates the difficulty of Mg2+ corrosive dissolution through this layer. The 245 

serration detected at this region is a clear evidence of a pitting corrosion mechanism. As expected, 246 

the number of serrations on the anodic branch increased with the salt concentration, which indicates 247 

higher corrosion rates. 248 

// Figure 6 // 249 

Different corrosion parameters such as the corrosion potential (Ecorr), the corrosion current density 250 

(jcorr), the anodic (βa) or the cathodic (βc) Tafel constants, and the corrosion rate (vcorr) can be derived 251 

by Tafel extrapolation and are given in Table 2. As expected, the results show an increase in the 252 

corrosion current and corrosion rate with the increase of the salt concentration in the test solution for 253 

pure-Mg and the AZ31 alloy. This increase, however, produced an increase in the measured corrosion 254 

potential only for the AZ31 alloy, while in the case of pure-Mg anode, the corrosion potential did not 255 

change significantly. The calculated cathodic and anodic slopes show a direct correlation with 256 

electrolyte concentration for both anode types, where the slope generally increases with 257 

concentration, except for the highest electrolyte concentration and the pure-Mg anode. Under this 258 

condition, the Tafel slope drops to 146 mV, which is less than that calculated at 0.0077 M (168 mV). 259 

Shifts in Tafel slope value can indicate changes to reaction mechanism and changes in the rate-260 

limiting step of the overall reaction, as well as overall reaction kinetics. A general increase in the 261 
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Tafel slope with concentration may suggest more sluggish kinetics, while a drop in the Tafel slope, 262 

such as that at 0.3 M for pure-Mg, could indicate changes at the electrode surface that enable increased 263 

reaction rate.  264 

// Table 2 // 265 

The obtained jcorr for pure-Mg anode was 2-fold lower compared to the AZ31 alloy and this tendency 266 

increased with increasing salt concentration: 1.1-fold lower in 0.077 M, 4.3-fold lower in 0.15 M and 267 

6.8-fold lower in 0.3 M ammonium dihydrogen phosphate, respectively (Table 2). Based on the 268 

corrosion rates obtained, the pure-Mg anode displayed a higher corrosion resistance compared to the 269 

AZ31 alloy in all the different salt concentrations tested. These results somewhat contradict the results 270 

obtained with the batch experiments, where the Mg dissolution rates were 2.8-fold higher when pure-271 

Mg was used as the anode. However, we note that the corrosion potential, Ecorr, for pure-Mg is more 272 

negative, indicating that this anode has a greater tendency to form metal ions and corrode than the 273 

AZ31 alloy.   274 

The discrepancy in results between the PDP study (see Figure 6) and the single cell batch experiments, 275 

where Mg dissolution and struvite formation were measured, are also likely due to the difference in 276 

the electrochemical environment as a result of using a dynamic potential versus a constant potential 277 

experimental approach. In the single cell batch experiments, both anodes were held at -0.8 V vs. 278 

Ag/AgCl, which is a voltage well above the corrosion potentials measured for either anode.  At this 279 

voltage, we expect the applied potential to drive the electrochemical magnesium corrosion even with 280 

struvite deposition on the surface of the electrodes, and for both electrodes, the measured current 281 

decreases to a non-zero, steady-state value.  The PDP experiments (Figure 6), however, sweep across 282 

a range of voltage and likely cause dynamic behavior at the surface of the electrodes with regard to 283 

struvite formation. While PDP experiments are a traditional, well-known approach to evaluate the 284 

corrosion behavior of electrodes, these discrepancies suggest to us that this approach is non-ideal for 285 

the evaluation of Mg-based anodes in aqueous wastewater systems, where the complexity of the water 286 

chemistry and the deposition of particle layers on the surface of the electrode will confound the results 287 

and the information that can be garnered. 288 

The discrepancy between the corrosion rates obtained by Tafel extrapolation from polarization curves 289 

and the Mg dissolution rates obtained from control-potential electrolysis, prompted us to investigate 290 

this matter further. The spontaneous (i.e., not driven by an applied voltage) corrosion of the sacrificial 291 

anodes was studied by weight loss analysis, where a set of experiments was performed for the salt 292 
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concentration range of 0.0077 M – 0.3 M. Surprisingly, instead of a weight loss, a weight gain was 293 

observed on the plates due to the deposition of a white precipitate. The precipitate was later analyzed 294 

by FT-IR and was found to be high quality pure struvite (results not shown). The relationship between 295 

the corrosion rates obtained from the PDP experiments and the measured mass of struvite deposited 296 

on the anode is presented graphically in Figure 7A,B. 297 

In the case of pure-Mg (Figure 7A, filled circles), the corrosion rates increased linearly with the 298 

increase in the concentration of the test solution. The linear behavior of the corrosion rates indicated 299 

that the corrosion kinetics for the pure-Mg was independent of the growth of corrosion output/struvite 300 

on the surface. In the case of the AZ31 alloy (Figure 7A, empty circles), the corrosion rates showed 301 

an exponential increase with the increase of the salt concentration, which could suggest that 302 

mechanisms other than the salt concentration that surrounds the electrode are impacting the corrosion 303 

rate of the electrode. The mass of the insulating layer decreased exponentially with salt concentration 304 

for both types of anodes, see Figure 7B. It can be observed that the change in the corrosion rates 305 

versus the formation of the insulating layer of struvite on both pure-Mg and the AZ31 alloy has an 306 

inverse trend, supporting the conclusion that greater mass deposition of struvite on the anode surface 307 

has a direct impact on the decrease in corrosion rate. 308 

// Figure 7 // 309 

Based on the gravimetric experiments, the amount of deposited struvite on the AZ31 alloy was higher 310 

compared to the pure-Mg in all salt concentrations: 1.7-fold (0.0077 M), 5.1-fold (0.077 M), 12.3-311 

fold (0.15 M), and 5.5-fold (0.3 M), see Figure 7B. It seems that the struvite layer formation has a 312 

greater affinity towards the AZ31 alloy, which can be explained by the surface morphology of the 313 

alloy. Impurities such as Al present in the alloy composition changes the grain size, by forming the 314 

β-phase (Mg17Al12).38 The presence of the β-phase increases the corrosion resistance of the alloy and 315 

shows a good passive behavior in broad pH ranges.38 Previous studies performed by Song et al.45, 46 316 

showed that small grain size increased the corrosion resistance, while at the same time, the presence 317 

of large grain size decreased the corrosion resistance of the Mg alloy due to galvanic corrosion. These 318 

results (i.e., PDP and gravimetric measurements) remain in conflict with our single cell batch 319 

experiments, where applied voltage (-0.8 V) drives Mg corrosion and struvite formation, with pure-320 

Mg outperforming AZ31 alloy in terms of struvite recovery, and therefore, Mg2+ availability through 321 

electrode corrosion. We currently understand this conflicting result as potentially stemming from 322 

differences in electrode behavior under the chronoamperometric condition, as described above.  323 
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However, the gravimetric results may point to another aspect that would impact Mg2+ release from 324 

the electrode surface: pure-Mg anodes have less struvite particles attached to the surface and thus, in 325 

a chronoamperometric environment, are able to corrode Mg at higher rates than the AZ31 alloy, which 326 

has either a more dense or thicker struvite layer on the surface (for the same tested electrode surface 327 

area).  328 

The discrepancy between the corrosion potential, the corrosion current density and rates from the 329 

PDP results can thus be explained also by the formation of a passivating layer on the anode surface, 330 

which was observed and reported by others as well.20, 47 It is obvious that during the 6 h batch and 331 

PDP experiments, the insulating film on the anodes decreases the ability of the dissolved Mg2+ to 332 

diffuse into the solution and has an adverse effect on the corrosion rates, which in turn influences the 333 

formation of struvite. Based on Figure 7, we expect to be able to obtain significantly higher yields in 334 

high concentrations of the test solution. Since the level of phosphorus in wastewater is typically 335 

between 0.5-199 mg L-1 (1.6*10-5 – 6.4*10-3 M),48, 49 the implication of this result is that the typical 336 

concentration of phosphorus (and ammonium) in wastewaters may need to be increased (e.g., 337 

concentrated through another process step) to increase the efficiency of the electrochemical struvite 338 

formation process. Further work in understanding how the efficiency of the electrochemical struvite 339 

precipitation process is impacted by salt concentration under chronoamperometric conditions is 340 

needed and will be included in our future work. 341 

 342 

Conclusions 343 

In this work we demonstrated that the percent yield of the electrochemical struvite precipitation was 344 

significantly increased with the increase of the SV/A by 1.9-fold; however, it was only useful for the 345 

pure-Mg anodes, where a 27% increase was observed. For the AZ31 alloy, the increase of the SV/A 346 

did not produce a significant change in the percent yield. Based on the FT-IR and SEM analysis, a 347 

high-quality pure struvite was obtained, with the characteristic needle-shaped elongated structure and 348 

smooth, sharp edges. Potentiodynamic polarization experiments were performed to study the 349 

corrosion potential, rate and Tafel kinetics of the magnesium-based anodes. The results showed 350 

higher corrosion rates for the AZ31 alloy compared to the pure-Mg anode, which is in contradiction 351 

with the results obtained in the electrochemical batch experiments, where 2.8-fold higher magnesium 352 

dissolution rates were calculated for the pure-Mg anode. This discrepancy between the techniques 353 

was attributed to the difference in the electrochemical environment as a result of changing potential 354 
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versus constant potential experimental approach, and the formation of the insulating layer on the 355 

anodes during the batch experiments. It seems that the insulating layer formed on the AZ31 alloy 356 

during the batch experiments have a more significant influence on the corrosion rates which in turn 357 

have an unfavorable effect on the overall struvite production. 358 
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 439 

 440 

Table 1. Initial and final pH of the test solution, theoretical Mg release, the actual Mg release, current density, 441 
the amount of struvite and the yields obtained with the different anodes. 442 

Anode pHi 
a pHf 

b mMg,current 
c (g) mstruvite

d (g) Yielde (%) 
Pure-Mg 4.5±0.01 6.3±0.06 0.343±0.03 3.2±0.2 38±2 

AZ31 4.4±0.03 5.9±0.06 0.115±0.01 0.5±0.1 5±0.5 
ainitial bulk pH; bfinal bulk pH; ctheoretical Mg release according to Eq. 3; damount of struvite obtained after 443 
6 h batch experiments and epercent yield obtained from the known initial amount of ammonium and phosphate 444 
in the test solution. 445 
 446 

Table 2. The different corrosion parameters obtained for Mg and AZ31 alloy anodes derived from the Tafel 447 
plots in different concentrations of synthetic wastewater. 448 

athe corrosion rate in millimeter per year according to Eq. 4 449 

 450 

 

Anode [NH4H2PO4]  
(M) 

Ecorr vs Ag/AgCl 
 (V) 

jcorr  
(mA cm-1) 

βc  
(mV) 

βa  
(mV) 

vcorr 
a  

(mm y-1) 

Pure Mg 

0.0077 -1.89 0.02 210 168 0.24 
0.077 -1.82 0.07 422 339 1.01 
0.15 -1.82 0.08 462 253 1.18 
0.3 -1.84 0.13 519 146 2.08 

AZ31 alloy 

0.0077 -1.74 0.04 378 363 0.65 
0.077 -1.62 0.08 324 306 1.25 
0.15 -1.54 0.34 653 474 5.08 
0.3 -1.47 0.88 635 455 13.22 
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Figure 1. The schematic illustration of the electrochemical setup used for the precipitation of struvite, where 
the magnesium anode was the only source for magnesium and used as a sacrificial anode. In the course of 
the experiments, Mg2+ (due to corrosion), H2 and OH- are formed on the anode surface, while on the cathode 
H2O is reduced to H2 and OH-, where the latter will increase the local pH.   

 451 

          

Figure 2. The FTIR spectra of (1) ammonium dihydrogen phosphate; (2) commercially available struvite 
(Crystal Green); struvite formed electrochemically with (3) pure-Mg; and (4) AZ31 Mg alloy in 0.077 M 
ammonium dihydrogen phosphate after 6 h batch experiment.  

 452 

          

Figure 3. The XRD patterns of the (1) struvite standard (PDF card no. 01-077-2303); (2) commercially 
available struvite (Crystal Green); and struvite formed electrochemically with (3) pure-Mg; (4) AZ31 Mg 
alloy used as anode.  

 453 
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Figure 4. SEM images of the obtained struvite after 6-hour batch experiments in 0.0077 M test solution, in 
reactors where (A) pure-Mg and (B) AZ31 alloy were used as anodes. 

 454 

 

Figure 5. Optical images obtained of the surface of the Mg anode (top) (A) before and (B) after a 6 h batch 
experiment in 0.077 M ammonium dihydrogen phosphate.  Optical images of the surface of the AZ31 alloy 
(bottom) (C) before and (D) after a 6 h batch experiment in 0.077 M ammonium dihydrogen phosphate.  
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Figure 6. Potentiodynamic polarization curves obtained in (A) 0.0077 M, (B) 0.077 M, (C) 0.15 M, and (C) 
0.3 M dihydrogen ammonium phosphate using (1) pure-Mg and (2) AZ31 magnesium alloy as anode, at 
room temperature.  

 456 
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Figure 7. (A) The corrosion rates derived from the Tafel slopes in the PDP experiments and (B) the mass 
of struvite deposited during the gravimetric experiments on the (1) pure-Mg and (2) AZ31 alloy anodes, 
placed in various concentrations of dihydrogen ammonium phosphate: 0.0077, 0.077, 0.15 and 0.3 M, 
respectively. Gravimetric experiments were performed without an applied voltage or a connected electric 
circuit. 
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