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ABSTRACT

A sustainable approach to address the limited availability of rock phosphate is to electrochemically recover phosphorus (P) as struvite (magnesium ammonium
phosphate hexahydrate, MgNH4PO4-6H20) fertilizer. On Mg surfaces, however, magnesium hydroxide (Mg(OH),) and/or struvite form resistive films that limit the
release of divalent Mg ions and reduce struvite precipitation. The present work enhances struvite recovery through the application of a dynamic voltage with a
sinusoidal waveform. Compared to a constant potential, our results demonstrated that a dynamic potential could enhance the rupture of the passivating film, and
facilitate the release of Mg?" from the metal anode, thereby overcoming passivation problems. Ammonium dihydrogen phosphate (NH4H,PO,, 10 mM) solutions at
neutral pH were used as test solutions. A 160-192 % increase in magnesium release was observed versus constant voltage applications, resulting in a 1.3x increase in
phosphate recovery. The scanning electron microscopy (SEM) and X-ray diffraction (XRD) characterizations indicated that the precipitate recovered contained
struvite. An analysis of electrode surfaces using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) confirms a greater extent of passivating

film breakdown under dynamic voltages.

1. Introduction

The unprecedented explosion of the global population has exacer-
bated a multitude of problems, including food and water shortages.
Using phosphate rock mined from the ground as a component of fertil-
izer, farms are able to grow more crops and feed more than 7 billion
people [1,2]. In contrast, excessive application of fertilizers has resulted
in the loss of large amounts of nutrients as runoff [3,4]. A surplus of
nutrients, such as phosphorus and nitrogen, in wastewater leads to
eutrophication of the receiving water bodies and degrades water quality.
Phosphorus removal costs are high for both industries and municipal-
ities when attempting to comply with current nutrient discharge con-
ditions [2,5]. For example, the permissible limit of phosphorus in
treated municipal wastewater is 0.1 mg L' under the Water Framework
Directive of the European Union [6].As a natural resource, phosphate is
limited, and some estimates suggest that the supply of phosphate might
be exhausted within the next century [7,8]. Thus, it is crucial to recycle
phosphate into a value-added product, such as a renewable fertilizer,
through the application of novel and efficient technologies. One such
attractive and promising option is to precipitate struvite, a phosphate
mineral, by adding water soluble magnesium salts to wastewater

containing nitrogen and phosphorus [9-12]. The corresponding reaction
for precipitation of struvite may be expressed according to Eq. (1),
where n may vary from 0 to 2 depending upon the pH of the solution
[12,13].

Mg** +NH; + H,PO, " + 6H,0—~MgNH,PO,.6H,0 + nH" @

Struvite is slightly soluble in water, a non-odorous, slow nutrient
(Mg, N, and P) releasing mineral, and may be regarded as a premium
grade fertilizer [14,15]. To date, chemical precipitation using stirred
tank or fluidized bed reactor is most commonly used for struvite pro-
duction [16]. This method has been further upgraded by augmenting
with downstream ion exchange and membrane separation units. In
chemical precipitation, various Mg salts and bases are added to water to
supply Mg and adjust the pH of the solution [17]. However, the salts
(commonly MgCl, and MgSO4) are to be dosed in excess of the stoi-
chiometric ratio to compensate for the imperfect mixing of NH; and
PO3~ with Mg?*. The use of Mg salts in stoichiometric excess necessarily
increases the operating cost of the process. Moreover, low cost salts like
MgO and MgCOs are relatively less soluble in water compared to MgCl,
and MgSO4 [18,19]. Thus, salt replacement may not to lead to any
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tangible economic benefit. On the other hand, electrochemical precipi-
tation of struvite using sacrificial Mg anode is devoid of any salt addi-
tion. The release of Mg?* through electrode corrosion can also be
controlled by tuning the applied potential. Some other advantages of the
electrochemical system are automation compatibility, minimal or no
chemical addition.and more than 80-90 % nitrogen and 90 % phos-
phorus removal as precipitates through several reaction mechanisms
[16,20-22]. Further cost savings can be achieved by controlling the pH
at ~9 to prevent volatilization of NHJ to NHs and also to precipitate
high purity struvite. Imperatively, the pH close to anode is higher than
the bulk pH because of local alkalization that eventually leads to struvite
precipitation even at neutral bulk pH [23]. A novel electrolysis tech-
nique developed by Lin et al. successfully removed 93 % of phosphate
from biogas digestion slurry at a stable pH of 8.6 without the need for
chemical reagents [24]. In a more recent study, Sultana et al. were able
to recover ~95 % of phosphate from synthetic wastewater with Cl~ as
background ions at pH 8 [25]. In a pilot plant operated by Fraunhofer
Institute for Interfacial Technology and Biotechnology in Germany, P
concentrations in domestic wastewater were reduced to 2 mg.L ! by
99.7 % using electrochemical struvite technology while using less than
70 Wh.m™> energy [26]. Anodic dissolution of Mg?" in solution is
described as a heterogeneous electron transfer mechanism combined
with or followed by a homogeneous chemical reaction (EC) [27]. Upon
connecting the Mg anode to a suitable cathodic material (steel, Al, or
Zn), galvanic corrosion occurs through the following electrochemical
reactions at the electrodes (Egs. (2), (3), (4)) [28-30].
Reaction at the anode:

Mg—Mg" +e 2)

1
Mg" +H,0-Mg*" +OH + St 3)

Reaction at the cathode:

0, +2H,0 +4e” —40H" “4)

1
H20+267—>§H2+20H7 )

Hydrogen generation from anode during magnesium corrosion re-
action occurring concurrently with the electrochemical struvite reac-
tion, as well as cathodic hydrogen generation has significant
implications for the energy industry, serving as a clean, carbon-free
source of energy in a hydrogen economy. According to the U.S.
Department of Energy, the levelized cost of hydrogen production will be
1-1.5 $/kg by 2050, underscoring the importance of cost-effective
hydrogen generation processes [31]. Thus, it is possible to offset the
costs associated with electrochemical struvite production by profiting
from hydrogen by co-generating both struvite and hydrogen. Despite
these advantages, electrochemical struvite precipitation technology
suffers from electrode passivation that hinders the easy release of Mg+,
particularly at at low voltage conditions. Production of OH™ (Eq. (3))
during anodic corrosion raises the pH and forms a layer of Mg(OH); on
the electrode, providing a barrier against corrosion, commonly referred
as “electrode passivation” [25,32,33]. In a recent study by Cai et al., Mg
has been reported to oxidize to Mg(OH), (at pH > 10), struvite, and
MgCOs3 during electrolysis of solutions containing ammonium and
phosphate concentrations [34]. The electrode passivation is considered
as the fundamental nonideality of electrochemical struvite precipitation.
Several remedial methods were introduced over the last decade to
overcome such problem. The effects of ultrasound, chelating agents (e.
g., EDTA), and enhanced feedstock salinity were investigated by several
research groups to minimize the degree of electrode surface passivation
but have resulted in higher solution temperature and altered chemical
makeup of the wastewater matrix that naturally the overall cost of
struvite recovery [25,35,36]. Hence, a question may be raised about
whether electrode fouling (passivation) could be addressed by
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modifying or altering the physical variables of the system, which pri-
marily includes electric field variables. The goal of the present study was
thus to look for alternative methods of increasing Mg release and sub-
sequently, enhancing the struvite production at low energy budget.

Pulsating electric potential has been demonstrated to efficiently
remove heavy metal (i.e., Cr(VI)) in Fe electrocoagulation relative to the
constant potential application with identical mean value [37-39]. Cur-
rent research has shown ‘pulse electrolysis’ to be a promising alternative
to its equivalent potentiostatic applications [40]. With the growing
hydrogen economy, there has been a surge in research devoted to
enhancing the efficiency of pulsed water electrolysis [41-44]. For
example, Vincent et al. investigated hydrogen production on a 3D MnO,
electrode and recorded the optimal electrolysis condition for a pulse
frequency of 500 Hz [45]. Pulsed electrolysis has been widely explored
in several electrochemical systems [46-49]. For instance, in an appli-
cation of electrocatalysis for the oxidation of formic acid, Adzic et al.
analyzed the effect of frequency and anodic potential on electrocatalytic
activity and observed higher catalytic current at an optimal frequency of
2000 Hz [50].

Drawing inspiration from a multitude of research focused on the
applications of pulsation in electrochemical systems, we hypothesized
that a pulsating anode potential with an appropriate frequency must
induce an optimized cyclic Maxwell stress on the passivation layer and
rupture the layer at a relatively lower mean potential than the equiva-
lent constant potential application. Our apprehension is essentially
derived from the much explored “fatigue failure” of structural elements
at an ultimate stress that is always lower than the respective constant
stress experiments. Thus, we have outlined the objective of this study so
as to demonstrate the efficacy of pulsating anode potential, in maxi-
mizing the production of struvite following the electrochemical pre-
cipitation technique using sacrificial Mg electrode. The study also
includes a comparative analysis between pulsating and constant po-
tential electrolysis in terms of phosphate recovery, precipitate yield, and
morphology. The mean potential, as identified from linear sweep vol-
tammetry analysis was held at the pitting potential at which the struvite
yield may be expected to be marginally low. The effect of frequency was
investigated over a range of 0.1-100 Hz with synthetic wastewater
feedstock containing chloride and sulfate ions as background ions.
Synthetic wastewater was specifically chosen to limit the number of the
process parameters in this first-of-its-kind analysis. Our findings show an
increase in struvite precipitate and a reduction in energy budget in
pulsating voltage operation, demonstrating the efficiency of voltage
pulsation in improving phosphate recovery from wastewaters with
simultaneous energy savings and environmental management.

1.1. Materials

The test solutions consisted of 10 mM NH4H,;PO4 with appropriate
amounts of NH4Cl and (NH4),SO4 as background concentrations so that
the total ammonium and phosphate concentration in the solution cor-
responded to 405 and 320 ppm, respectively. Milli-Q water (18.2 MQ,
Millipore, Bedford, MA, USA) was used for preparing the solutions. The
composition of wastewater was chosen based on the water sample taken
from a biological nutrient removal wastewater treatment plant (Garver,
USA). The aqueous solutions were initially maintained at pH 7. All
chemicals and 99.9 % pure Mg disc electrodes (diameter = 0.5 cm) were
purchased from Sigma-Aldrich and Metal Sample (USA), respectively.
Plates of 99.9 % pure Mg (99.9 % pure) and stainless steel (316SS) with
surfaces of 6 cm? x 4 cm? and 0.2 cm thick were obtained from Good-
fellow, USA. The Ag/AgCl reference electrode in 3.0 M NaCl was bought
from BASi, USA. After each experiment, the pH of the aqueous solutions
was determined in-situ using a Thermo Scientific Orion Star A111 pH
meter.
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1.2. Instrumentation and reactor setup

Using pure magnesium discs, linear sweep voltammetry (LSV) mea-
surements were performed between —2.2 and +0.56 V vs Normal
hydrogen electrode (NHE). Each disc electrode was mechanically pol-
ished with Norton Abrasives abrasive papers and then thoroughly
cleaned with Milli-Q water before experiments. In a three-electrode cell
equipped with a water jacket (Pine Research, USA), experiments were
conducted in 30 mL of NH4H2PO4 and NH4Cl/(NH4)2SO4. A graphite rod
(Limmersed = 2.3 cm, @ = 0.7 cm) was used as the counter electrode.
Throughout the experiment, the electrochemical cell was connected to a
Gamry Instrument G3000-30111 potentiostat/galvanostat (Gamry In-
struments, USA). For recording the voltammograms, a scan rate of 1 mV.
s~! was selected, and data acquisition was performed with Gamry
Framework (Version 7.8.1).

The batch experiments were conducted in a single-compartment
reactor with a solution volume of ~450 mL, stirring continuously at
275 rpm. There was a 5 cm inter-electrode distance between the cathode
(316SS) and anode (pure Mg) and both electrode surfaces had a
maximum active surface area of 40 cm? (note both anode surfaces were
used). In Fig. 1, a schematic of the setup and the formation of the
passivating layer is shown. The magnesium potentials were measured
against the reference electrode placed adjacent to the anode (1.5 cm)
while being controlled with a VSP-300 multichannel potentiostat (Bio-
logic, USA). The effect of frequency (0.1, 1, 10, and 100 Hz) on the
performance of the reactor was investigated using test solutions at pH 7,
and appropriate potentials were picked out from the LSV study. The
batch experiments were conducted at these potentials during a 2-h
period at room temperature, and the composition of the precipitate
was analyzed for variations in magnesium/phosphorus ratios and
phosphate recovery.

1.3. Sampling and material characterization

The grab samples (10 mL) were collected, filtered, and analyzed for
Mg and P content immediately after each batch experiment. Using
HACH Molybdovanadate reagent (HACH method 8114) and a DR900
multiparameter portable colorimeter (Loveland, CO, USA), the
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phosphate concentration was measured by colorimetry. Precipitates
from the test solution were vacuum filtered through PTFE un-laminated
membranes, pore sizes 0.45 m and 47 mm, manufactured by Sterlitech,
USA, and anode precipitates were gently scraped off with a razor blade.
The precipitates from the bulk solution post filtration were oven dried,
weighed on the Mettler Toledo, XSE105 Dual Range analytical balance,
and stored for characterization.

X-ray diffraction (XRD) was used to examine the crystal structures of
the precipitates on a Philips PW1830 double system diffractometer with
a Cu cathode. A scanning electron microscope (SEM) was used to
investigate the precipitate morphology further (FEI Nova Nanolab 200
Dual beam). Ion chromatography (IC) analysis was used to determine
the Mg?*, NHJ, and PO3~ compositions of precipitates and spent solu-
tions using a dual channel Thermo ICS-6000 ion chromatography system
(ThermoFischer Scientific, USA). The cations were calibrated with the
IC-CAT®6 standard and separated on a CS12A column with KOH eluent,
whereas the anions were calibrated with the IC-2 standard and separated
on an AZ19 column with methane sulfonic acid (MSA) eluent. Prior to IC
analysis, all samples were filtered with a syringe filter (Acrodisc LC-25
mm) equipped with a 0.2 um polyvinylidene fluoride (PVDF) membrane
(High performance liquid chromatography, HPLC certified) from Pall
Corporation, USA.

2. Calculations
All potentials from the voltammograms were quoted against NHE
and calculated as follows:
Exne = Eagjaga +0.21 (6)
where Exg/aqci is the measured working potential at rt 25 °C [17].
According to Faraday’s law of electrolysis, the theoretical Mg

dissolution from the anode based on the observed current (myg theo) can
be determined using the following equation [17]:

Mg theo = MMngF (7)

where z is the Mg*2 valency (z = 2); Q is the electric charge in Coulomb,
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Fig. 1. Schematic illustration of the batch electrochemical setup (left) and struvite layer formation during electrolysis. CE = counter electrode, RE = reference

electrode, and WE = working electrode.



R. Sultana and L.F. Greenlee

obtained from Q = fOT i(t)dt; i(t) is the current profile;T is the time of
each experiment; F is Faraday constant (96,485C.mol ™ 1); Mg is the Mg
molar mass (24.3 g.mol’l).

The mass of dissolved Mg (Mg dissolved) Was calculated from the IC
results according to [25]:

Mg dissolved = ZMl Wi(\il)g (8)

Where i (=1, 2, and 3) represents the bulk precipitate and anode
precipitate, respectively, in the spent solution. M; and wﬁ}fg are the mass
and corresponding weight fraction of Mg in the i phase.

The energy consumption was calculated using the following equa-
tion:

JEI(r)dt

my,

Uin/mt = (9)

where Ujppy is the theoretical energy consumption in KWh.kg_l, EandI
are the cell voltage (V) and current (A) at time t and m,, is the precipitate
mass after 2 h batch electrolysis.

The nutrient (phosphate and ammonia) recovery efficiency was
calculated immediately after each batch experiment using the following
equation [51]:

C: —C
Ngee = (C—t) x100% (10)
where Ng, is the nutrient recovery efficiency (%) for phosphate (PORQC)
and ammonium (NHge.) ions, C; is the initial (t = 0) nutrient concen-
tration (mg.L™1), and C; is the phosphate concentration at time t (mg.
L.

The total hardness was calculated as the equivalent of calcium car-
bonate (CaCOs3) by using equation below [52]:

TH[CaCOs] = 2.497 x [Ca®*]| +4.12 x [Mg*"] an

where TH denotes total hardness as CaCO3 (mg.L’l), [Ca%t] represents
calcium ion concentration, and [Mg?] implies magnesium ion con-
centration, both in mg.L 1.

3. Results and discussion
3.1. Electrochemical characteristic of pure Mg anode

The very negative equilibrium potential of Mg/Mg?* (E?},{gg =
—2.128 V vs NHE) gives rise to the negative difference effect (NDE),
which has been linked with the localized anodic dissolution of the
magnesium metal and an increase in hydrogen evolution at the pitting
potential [29,51,53]. However, the electrochemistry of magnesium
metal is complex, and there is disagreement over the corrosion and
passivation processes of magnesium [54,55]. Therefore, we performed
linear sweep voltammograms to evaluate the electrochemical charac-
teristics of magnesium electrodes in chloride and sulfate containing
phosphate solutions.

Fig. 2 shows the electrochemical behavior of the magnesium disk
electrode in the potential range of —2.2 V vs NHE to +0.56 V vs NHE at
rt. Representative voltammetry curves exhibit steep increases in current
in the positive voltage regions for the expected hydrogen evolution re-
action (HER) [56]. The shifts in the curve upon changing electrolyte
composition could be due to the dynamically changing electrode surface
during the experiment, where the passivation induced solids produced
on the magnesium accumulate, altering the electrochemical kinetics and
overall rate of the electrochemical reactions. The corrosion potential
(Ecorr) occurs at —1.98 V and —1.52 V vs NHE in presence of Cl~ and
SO3™ ions, respectively. The current density, thereafter, increases slowly
with voltage. However, at the corresponding pitting potentials (Ep;) of
—1.05V and —0.63 V vs NHE, corrosion of the electrode material occurs
via pit formation on the surface of the electrode, and this activation
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Fig. 2. Linear Sweep Voltammetry (LSV) analysis performed at 1 mV s~! to

identify mean anode potential (Ey,) in (1) chloride and (2) sulfate containing
test solutions.

causes a sharp increase in the current density. The higher rate of increase
in (;i{, in the chloride containing solution may indicate an increased de-
gree of passivation layer rupture, particularly because Cl~ have been
reported to depassivate the electrode surface layer more than SO3,
which could in turn speed up the dissolution of the surface film [29,53].

Interpretation of the voltametric profiles and other experimental
outcomes requires the understanding of passivation layer dynamics in
relation to the changing electric field. The dynamics of passivation layer
may be described in terms of (i) initial formation and growth, (ii) partial
rupture at E > Ecor, and (iii) increased rate of rupture beyond Ep;t. In an
aqueous environment, immediately after immersion, a thin film of MgO
(<25 A) forms on the surface of Mg electrode, which is further covered
by a growing Mg(OH); layer [57]. Corresponding XPS analysis indicated
the growth of the Mg(OH), layer to tentatively saturate at 10 nm after
120 s. The compact MgO-Mg(OH);, bilayer, commonly referred to as the
“passivation layer”, is fundamentally responsible for making the Mg
electrode electrically inert over the potential range between E., and
Epir. This may be confirmed by low charge transfer (1-3 mA.cm™2 and
0.5-1.2 mA.cm™2 for Cl~ and SOZ containing solutions, respectively)
over the same potential range. However, once the applied potential
crossed Epi, charge transfer was noted to increase as the respective
Maxwell stress ( = 1eE?, whereeis thepermittivity andEis the field strength) is
apprehended to exceed the ultimate stress of the MgO-Mg(OH), bilayer
causing partial layer rupture. The bilayer rupture immediately caused
direct exposure of Mg electrode with the electrolyte over some regions of
the electrode and the release of Mg*2 was initiated. The release rate
progressively increased with the applied voltage, which is marked by the
monotonic trend of j versus E profile (Fig. 2). The increased release of
Mg*2 could lead to higher rates of electrolytic product formation (pri-
marily struvite), which may precipitate on the ruptured area, reducing
the rate of charge transfer and Mg*? release. Nevertheless, the phe-
nomenon could not be captured by voltammetry because of the constant
increase of potential. The overall mechanism is schematically presented
in Fig. S1.

The determination of the E; is important because previous elec-
trochemical investigations, carried out in our group, have demonstrated
stable operation of the electrochemical system at voltage s > Epj
[32,58]. Furthermore, considering our primary objective to investigate
the efficacy of pulsating anode potential to promote rupture of the
passivating layer, we have chosen E;; as the mean potential (=E,,) and
set the amplitude (A) to 0.5 V to maintain the minimum potential (=Ep,-
A) higher than E.q.
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3.2. Electrolysis

We have primarily focused on the chronoamperometric profiles (j
versus t plots) of the batch experiments to understand the fundamental
characteristics of the input-output relation. Fig. 3 displays the evolution
of current density with time for the pure magnesium electrode in
different compositions of the phosphate solution. The standard theory of
Frequency Response Analysis (FRA) predicts that a system with a sinu-
soidal input function will generate a sinusoidal output after a brief initial
transient [59]. Consistent with the general prediction of FRA, the tran-
sient profile of current density displays sinusoidal variation in all cases.
Nevertheless, the respective current density bandwidth changes signif-
icantly with composition and frequencies. Moreover, for individual
frequencies, the bandwidth also changes with time. For example, in
chloride phosphate solution, a change of frequency from 0.1 Hz to 100
Hz results in an initial change of bandwidth from 11.0 to 0.05 mA cm ™2,
On the other hand, at f = 1 Hz, the sulfate phosphate solution exhibits a
bandwidth variation from 8.0 mA cm 2 att=0"hto 5.5 mA cm 2att =
2 h. In general, the current density bandwidth increases over 0.1-1 Hz
and decreases at higher frequencies of 10-100 Hz. The diminishing
bandwidth of j with frequency indicates a frequency range over which
the effect of potential pulsation on the overall response is significant.
The effect of such pulsation is negligible at 100 Hz, which possibly im-
plies a mismatch of order between the corresponding time-scales (i.e.,
the time scale of voltage pulsation < time-scale for Mg?* dissolution and
transport from the anode surface to bulk).

For each frequency, the higher j values at t = 0" h for chloride so-
lution suggest increased pitting corrosion in saline solutions. However,
the gradual decrease of the mean current density can be attributed to the
blockage of initial film free areas of Mg anode by the electrolytic product
that most likely consisted of struvite. At the pitting potential, the
reduction of water molecules to Hy and OH™ occurs [17,53,60]. The
hydroxyl ions accumulation resulted in a pH rise and influenced the
stability of the insulating layer on the magnesium surface [23,25,32,61].
For all frequencies, the lower j values in sulfate solution may indicate a
reduced degree of passivation layer rupture than in chloride solution.
The effect of voltage pulsation on the passivation layer is quite similar to
the ‘early’ failure of thin film subjected to pulsating mechanical stress.
Early rupture (i.e., at lower mean stress compared to constant stress
experiment) of such film under pulsating stress is commonly referred to
as ‘fatigue’ [62]. The present work is an apprehensive extension of
mechanical fatigue to Maxwell stress regime. For a sinusoidal voltage
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pulsation (i.e.,E = E + ASinot), the corresponding Maxwell stress be-
comes a quadratic periodic function | = 1(E + ASinot)? ] By applying a

pulsating anode potential, the passivation layer subjected to pulsating
Mazxell stress may rupture early, resulting in more precipitate formation
through the transverse cracks.

The transients for the control (constant voltage hold) experiments, as
shown in Fig. S2, show a gradual decrease in current density over time
and drop to j values of 4.0 mA cm™2 and ~1.0 mA cm™2 in chloride and
sulfate solutions, respectively at the end of the experiment. Once the
insulating film forms on magnesium, precipitation occurs through film-
free areas. However, with time, further precipitation may block the
active sites of the electrode causing a decrease in current density. The
abrupt increase in currents at times of about 0.65 h, and 1.75 h in 1 Hz
chloride solution, and at 0.6 h in 0.1 Hz sulfate solution could signify
disintegration of the anodic material into the bulk solution due to
spalling or hydrogen evolution at the anode. Although the transient
profiles at 100 Hz exhibit characteristics typical of the voltage-hold
experiments, higher j values are obtained in the pulsating potential ex-
periments, which elevate the theoretical Mg release (mug,theo) by 17 %
in in CI~ and ~121 % in SOZ~ media (Table S1, Eq. (7)).

Precipitates recovered after 2 h were greater in dynamic potential
experiments (as opposed to constant voltage) and the results are

2.0 NH,CI, m,
B (\H,),50,, m, [ 035
. A |—4— NH,Cl, Myg giss
. 1 —&— (NH,),S0;, Myg giss |- 0.30 @

wn
&
Uy\
[@)]
=
&

Fig. 4. The mass of precipitates (mj) and dissolved magnesium mass (Mg qiss)
obtained under various frequency conditions at initial pH 7.
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Fig. 3. The changes in the current density over 2 h for pulsating potential experiments with frequency values of 0.1-10 Hz in (a-d) chloride and (e-f) sulfate solutions.
The respective frequency values are 0.1 Hz (a,e); 1 Hz (b,f); 10 Hz (c,g); and 100 Hz (d,h).
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presented in Fig. 4. In our overall measurement of struvite recovery, we
do not account for any dissolved, solubilized struvite remaining in
saturated aqueous solutions. Though we do not account for solubilized
struvite particles, struvite recovery processes could only recover formed
particles. We believe that focusing on particulate struvite as the recov-
erable portion is relevant to an engineered wastewater treatment pro-
cess, and we are not overestimating the recovery potential of struvite by
including a solubilized struvite contribution as well.

Similar to our previous batch experiment study with ammonium
dihydrogen phosphate and chloride solution, no precipitate was
observed on the cathode, and struvite formed exclusively in the bulk
solution [25]. Negligible amount of precipitate was formed on the anode
surface and the mass values are reported in Table S1. The difference in
the thickness of the surface film on the electrodes or the precipitate
collection method could explain the slightly higher precipitate mass on
the anode in sulfate solution at 100 Hz and control. A straight razor was
used to gently scrape the precipitate off the plate, where some excess
pure Mg particles from the plate could have artificially elevated the mass
of electrode precipitate.

The lowest precipitate mass (m,) in solution was obtained from the
control experiments, while the highest mass was recorded in the pulsed
potential experiments conducted at 10 Hz. When compared to the con-
trol experiments, the production of dissolved Mg2+ (Mg, diss) in chloride
solution increased by 21 % (100 Hz)-196 % (10 Hz), which resulted in
ca. 8.5-27 % more precipitate mass formation (Fig. 4). Similarly, the
sulfate solution exhibited 9.3 % (100 Hz)-25.3 % (10 Hz) improvement
in precipitate yield compared to the control experiment. When sup-
porting electrolytes (i.e., chloride and sulfate) are present with the
phosphate solution, differences in conductivity may affect the current
density, voltage, and precipitation yield. Upon applying an electric field,
Mg?* is released as a result of both theoretical Mg releases predicted by
Faraday’s law, and additional Mg releases during HER on the anode. As a
result of the negative difference effect (NDE), HER accelerates during
anodic polarization in electrolysis reactors, so the total number of
electrons participating in electrode surface reactions is the sum of
electrons applied from external potentials (or currents) and electrons
from HER [16].Accordingly, chloride and sulfate ions may enhance Mg
corrosion and consequently enhance hydrogen production on electrode
surfaces. Due to the formation of hydrogen bubbles, the electrolyte may
be prevented from accessing the surface of the electrode, thereby
reducing the electrode’s active surface area [34]. However, the appli-
cation of pulses may force the detachment of the bubbles from the
electrode surface and improve mass transport conditions.

When comparing the proposed technique to conventional constant
voltage batch electrolysis, economic analysis plays a significant role in
determining the potentiability of the proposed technique. Evaluation of
the theoretical energy consumption, according to Eqn. (9), shows that
the chloride based system consumed 9-14 % lower energy across all
frequencies (Fig. 5) compared to the sulfate solution. The changes in
Uinput with f and ionic make-up is presumably due to the differences in
electrode film formation and ionic magnesium release, factors which can
in turn be affected by charge density and the presence of ClI~ and SO3~
ions (Table S2). At 10 Hz, the energy consumption decreased by 8 % and
~203 % relative to the control in chloride and sulfate solutions,
respectively (Table S2); an explanation for the dramatic decrease in
energy value in presence of sulfate may come from a larger increase in
mean j (~6x) and a comparatively smaller change in m,, by 1.2x.

Profiles of PO4-P and NH4-N recovery for the pulsating frequencies
and controls are illustrated in Fig. S3, where the reported values
represent the average results from three duplicate measurements. All
profiles are noted to pass through maxima at 10 Hz in the two different
test solutions (Fig. S3a). However, the respective profiles in chloride
containing solutions were always higher than those of sulfate containing
solutions. Both phosphate and ammonium recovery accelerated with
increased frequency until 10 Hz due to higher production of Mg?* to
promote precipitation. The phosphate recovery in chloride solution
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Fig. 5. The theoretical energy consumption evaluated as per kg of precipitate
obtained, my,

improved from 78.3 + 4 % in control to 95 + 6 % at 10 Hz but dropped
to 85 + 4 % at 100 Hz (Fig. S3b), indicating more exhaustive reactions in
the pulsating potential driven system. A similar trend was observed for
ammonium ions, nevertheless, the recovery for ammonium (ca. 32 % at
10 Hz) was much less than phosphate. The discrepancy arises from the
initial ammonium concentration being 1.3x higher than the initial
phosphate concentration. However, based on the ratio of their absolute
concentration decrease, the ammonium and phosphate have a 1:1 re-
covery ratio, which is consistent with the theoretical stoichiometric ratio
of struvite.

The minimum struvite solubility occurs at pH 8.8-9.7 [10,13,63].
With the increase in applied frequency, pH in both solutions increased
due to generation of hydroxyl ions near the electrodes (as described in
Egs. (3), (4) and (5)) and exceeded pH 9.4 at t = 2 h, which is conducive
to Mg(OH), and other magnesium phosphate based compound forma-
tion (Table S1) [17,32,58]. The increase in pH of the bulk solution
would further produce a shift of ammonium ions to ammonia and
release NHj3 into the surrounding atmosphere [32,64]. Further, during
electrode corrosion and magnesium dissolution, the pH of the bulk so-
lution and the near-anode solution may be affected by changes in ion
speciation, which in turn may influence water chemistry effects on
anode corrosion as well as precipitation. A previous study by the author
also showed an increase in solution pH by ~2.5 units post 2 h of oper-
ating the batch reactor [25]. Therefore, in this study, we have limited
the electrolysis time (i.e., 2 h) to minimize ammonia volatilization and
precipitation of Mg(OH), and other magnesium phosphate compounds,
which would reduce the purity of the electrochemically obtained stru-
vite. The present trend of pH variation suggests pH control at 9.0 to
maximize pulsating induced struvite precipitation which has been
attempted from a natural municipal wastewater (MWW) sample as
discussed in Section 4.4. The intermittent time for a batch reactor can
generally be determined by recording chronoamperometric transients (i.
e., measuring the variation in current over time) in the previously
described electrochemical cell, where the current density is expected to
decrease slowly and reach a low steady state. Despite this, it is pertinent
to note that a steady state cannot be achieved in the present system due
to a dynamic process of precipitate building up and passivation layer
rupture occurring simultaneously.

3.3. Precipitate characteristics

After the 2-h batch experiments, SEM characterization was employed
to determine the surface morphology of the magnesium electrodes. For
this specific study, the precipitated crystals were left on the electrodes
and carefully stored so that the originally formed crystal structure was
not altered during sample processing post-experiments. Fig. 6 shows
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Fig. 6. SEM images of the precipitate layers produced on Mg anodes in solutions with (a-e) chloride and (f-j) sulfate ions with (left-right) 0.1, 1, 10, 100 Hz pulsating

potential frequencies and constant voltage conditions.

SEM micrographs of precipitates formed in chloride and sulfate solu-
tions at a magnification of 50x. The anode surface did not show any
significant precipitation at lower frequencies of 0.1-10 Hz, and irregular
and uneven surface cracks on the magnesium plates were observed.
Formation of deeper cracks (shown with red arrows in Fig. 6) could
imply higher availability of the electrode’s active surface to the elec-
trolyte leading to more severe corrosion, which is in accordance with the
Mg, diss and precipitate mass values reported in Fig. 4. The morphology
of the precipitates in bulk solution in chloride medium display needle-
like elongated structures with predominantly smooth surfaces and
sharp edges (Fig. S4a-d), as reported by other researchers, suggesting
the precipitates are composed of struvite crystals [12,13,32,65,66]. A
change in the constitution of the test solution may have resulted in
crystal aggregates as seen in sulfate solutions (Fig. S4f-i).

Qualitative elemental mapping of 2*Mg of magnesium anode post

electrochemical experiments was done by laser ablation ICP-MS. The
anodes in chloride solution (Fig. 7a—e) showed a relatively higher
abundance of magnesium in comparison to sulfate solutions (Fig. 7f-i) in
both pulsating potential and control experiments. The highest magne-
sium intensities were recorded on the metal electrodes subjected to the
frequency of 10 Hz. These results are in consistent with the Mg>* release
profiles discussed in section 4.2. The relatively low intensities of
elemental Mg on anodes in sulfate solution is likely due to the less
‘invasive’ pitting action of sulfate as compared to chloride ions. The
differences in pitting morphology can be associated with different dis-
tribution of the Mg atoms on the electrode surface and may be depen-
dent on the solution composition and applied frequency.

The atomic percentages (at %) of the corresponding elements from
the recovered precipitate were determined using EDX to provide quali-
tative analysis of elements distribution within a micro area of the Mg

Intensity

Fig. 7. LA-ICP-MS distribution of >*Mg on used magnesium anodes after the (a-d, f-j) pulsating potential and (e,f) dynamic potential experiments in order of
increasing frequency. The electrodes (a-e) and (f-j) were used in the electrochemical reactor containing chloride and sulfate solutions respectively. The white arrows

represent pits on the electrode surface.
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surface (Fig. S5). The EDX spectra for both anode and bulk precipitates
show prominent peaks for Mg, P, and N usually present in electro-
chemically precipitated struvite crystals. The precipitate from the anode
surface was gently scrapped off to eliminate the interfering effects of Mg
substrate on the EDX spectra. The at % ratio of Mg/N increased with
frequency between 0.1 and 10 Hz and then drops to lower values at 100
Hz (Fig. S6a). The deviation from a theoretical ratio of 1.0 can be
attributed to the presence of less ammonium in the films due to higher
pH conditions near the anode [23]. Similarly, the higher ratios of Mg/P
in the chloride system (Fig. S6b) can be explained is possibly due to
increased Mg dissolution as supported by the myg qiss values as shown in
Fig. 4. The elemental mapping of the precipitates revealed a homoge-
nous distribution of the significant elements (Mg, P, and N) in the sur-
face films (Fig. S7).

Based on XRD analysis of the electrochemically produced struvite
(Crystal Green), it was found that the peak intensity of the electro-
chemically produced struvite was similar to the chemically precipitated
struvite (Fig. S8). A difference in peak intensities could indicate that the
precipitate has a different structure than struvite available commer-
cially. Additional diffraction peaks of magnesium, Chloromagnesite
(magnesium chloride), and Mg(OH), were detected in anode pre-
cipitates when chloride was added (Fig. S8c-g), whereas peaks of
newberyite ((Mg(PO3OH).3H,0) were observed in the sulfate system at
0.1,1, and 100 Hz and in the control system (Fig. S8h-1). However, based
on the characterization results, we believe the precipitates collected
from the reactor were first and foremost struvite.

3.4. Nutrient removal from a municipal wastewater

As a next step, the feasibility of nutrient removal from a natural
wastewater source using dynamic potential was examined. For this
purpose, optimum struvite precipitation conditions were used (i.e.,
Emean = —1.03 Vvs NHE and f = 10 Hz). The raw wastewater sample was
pretreated with a crossflow membrane filtration system to remove sus-
pended solids that may foul the Mg anode, and the composition of the
pre-treated and post-experiment municipal wastewater (MWW) samples
are provided in Table S3 (NB: detailed description of the pre-treatment
step is provided in the Supporting Information). The solution pH was
maintained at 9.0 as in a real-world scenario surface water pH is typi-
cally between 6.5 and 8.5, and higher pH levels would require an
additional pH adjustment step in wastewater treatment plants [33]. In
addition, the performances of the reactor as well as the total hardness
and energy input were evaluated and compared with a constant voltage
system (Table 1).

A 1.2x higher energy input for nutrient removal resulted in 90.1 and
17.3 PO;~ and NHZ recovery efficiencies under constant voltage. The
dynamic voltage experiment, on the other hand, exhibited a remarkable
95.2 % PO recovery. Since the MWW sample has 11x higher ammo-
nium concentration (40 ppm) than that of phosphate (3.6), the latter was
limiting component in the struvite precipitation reaction. It is also
suggested that pH is an important factor when it comes to the removal of
PO3~ because in alkaline solutions the PO3~ (HPO3 /P03~ pKa=12.67)
form dominates [67-69], while indirect oxidation by an oxidation

Table 1
The calculated energy consumption (Uinput); nutrient recovery efficiency (Ngec,
%); initial total hardness (TH;); and final total hardness (THy);.

Electrolysis Energy consumption (PO3ec, (NHzee, TH;" TH{

type (KWh kg™1)? %)" %)"

Pulsating 0.29 95.2 19 84.9 217.7
potential

Constant 0.35 90.1 17.3 84.9 200.2
voltage

# energy consumption determined from Eq. (9).

b phosphate and ammonium recovery efficiency calculated from Eq. (10).
¢ initial and final hardness determined from Eq. (11).
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mediator such as HOCl or OCl™ (pH = 7) produced on the anode surface
could account for the low ammonia recovery [70]. Additionally, the
elevated pH near the anode may also cause ammonia loss due to vola-
tilization. The TH of the pre-treated wastewater was classified as slightly
hard (84.9), while Mg2+ release in the solution elevated the TH (note:
there was no measurable Ca®* loss through precipitation) by ~2.5x post
experiment and placed the water samples in the hard water classification
(Table S3). The 8.5 % increase in TH after the application of pulsating
potential can be correlated to the 19.8 % improvement in Mg2+ disso-
lution into the solution. Although the TDS increased due to the changes
in the Mg and Ca®" concentration in the system, the water quality post
experiment improved with lower TOC, TOD, K*, Nat, NO3 and S0%~
levels. Additionally, the obtained SEM images and XRD spectra show
that phosphate is primarily recovered as struvite (Fig. 8). However,
closer investigation also reveals presence of magnesium hydroxide and
magnesium phosphate based precipitates in the recovered spectra
(Fig. S9). Other probable P removal pathways could be electro-
coagulation due to metal impurities (i.e., aluminum and iron) in Mg
metal (N.B. 70 mg.L ™! Al and 280 mg.L ! Fe are present in Mg electrode
based on the specification provided by the vendor); during corrosion,
these metals could dissolve into the wastewater. Microorganisms and
bacteria present in wastewater may also offer an alternative pathway for
biological P removal. Furthermore, struvite precipitation is limited by
phosphate, and due to the high ammonia concentrations, ammonia will
likely remain even after all phosphate has been removed [33].

As a result of treating P as a contaminant, traditional chemical and
biological processes for removing P consume less energy than P recovery
processes, but all of the P removed is lost as solid waste, which is often
disposed of in landfills [71-73]. This is one of the major drawbacks of
the existing processes. As a result, P recovery processes provide a new
way to rethink wastewater treatment as a resource recovery process;
however, technological development and adoption will be influenced in
part by energy consumption concerns. As such, our studies of electro-
chemical struvite precipitation using a novel pulsating potential with a
sinusoidal waveform approach suggest that this is a more energy effi-
cient technology, particularly at lower frequency values (<10 Hz).

4. Conclusions

In summary, we show the feasibility of struvite precipitation elec-
trochemically at lower energy requirement upon varying the voltage
with a sinusoidal waveform at different frequencies. The pulsating
potential-based experiments outperformed control experiments per-
formed at fixed voltage in terms of higher phosphate recovery and
struvite mass. Pulsation was less pronounced at higher frequencies,
resulting in a uniform and compact foulant layer on the anode. In
contrast, a porous surface film formed at lower frequencies with 96 %
PO3~ and ~50 % NHj recovery efficiencies. A variety of surface char-
acterization techniques have determined the anode surface to contain
struvite of high quality. The reactor was also tested under realistic
conditions, in which 95.2 % of the H,PO,™> present in municipal
wastewater was primarily removed as struvite. However, for electro-
chemical struvite production, pulsating electrolysis must be evaluated
on a larger scale or at a system level. It needs to be determined whether
the pulse effect is also present with larger electrodes or larger electro-
lytic systems before application. Future evaluations should also consider
the mechanistic aspect of the pulse effect on the electrode-electrolyte
interface regime in order to provide greater tuning options for conven-
tional electrolysis.
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Fig. 8. (a) XRD spectra of struvite formed with pulsating and constant (control) voltage. SEM images obtained of the struvite layer formed on the anodic plate upon
(b) voltage fluctuation and (c) control.
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