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ARTICLE INFO ABSTRACT

Keywords: In this study, a suite of natural wastewater sources is tested to understand the effects of wastewater composition
Electrochemistry and source on electrochemically driven nitrogen and phosphorus nutrient removal. Kinetics, electrode behavior,
Magnesium

and removal efficiency were evaluated during electrochemical precipitation, whereby a sacrificial magnesium
(Mg) anode was used to drive precipitation of ammonium and phosphate. The electrochemical reactor demon-
strated fast kinetics in the natural wastewater matrices, removing up to 54% of the phosphate present in natural
wastewater within 1 min, with an energy input of only 0.04 kWh.m 3. After 1 min, phosphate removal followed
a zero-order rate law in the 1 min - 30 min range. The zero-order rate constant (k) appears to depend upon
differences in wastewater composition, where a faster rate constant is associated with higher CI~ and NH4"
concentrations, lower Ca?* concentrations, and higher organic carbon content. The sacrificial Mg anode showed
the lowest corrosion resistance in the natural industrial wastewater source, with an increased corrosion rate
(Veorr) Of 15.8 mm.y ! compared to 1.9-3.5 mm.y ! in municipal wastewater sources, while the Tafel slopes ()
showed a direct correlation with the natural wastewater composition and origin. An overall improvement of
water quality was observed where important water quality parameters such as total organic carbon (TOC), total
suspended solids (TSS), and turbidity showed a significant decrease. An economic analysis revealed costs based
upon experimental Mg consumption are estimated to range from 0.19 $.m~ to 0.30 $.m~3, but costs based upon
theoretical Mg consumption range from 0.09 $.m™> to 0.18 $.m~>. Overall, this study highlights that water
chemistry parameters control nutrient recovery, while electrochemical treatment does not directly produce
potable water, and that economic analysis should be based upon experimentally-determined Mg consumption
data.

Synopsis Statement: Magnesium-driven electrochemical precipitation of natural wastewater sources enables
fast kinetics for phosphate removal at low energy input.

Corrosion
Natural wastewater
Nutrient removal

1. Introduction environmental impacts and water quality problems on a global scale
(Rasmussen et al.,, 2018; Tilman et al., 2011). Phosphorus is a

Agro-industrial and municipal wastewater effluents are well-known non-renewable resource, where the majority is mined from rock phos-
for their high levels of nutrients like phosphorus (P), nitrogen (N), or phate, and its geographic concentration may generate compelling po-
organic matter; therefore, it is crucial to treat these effluents before they litical or economic risks for many countries (Godfray et al., 2010). As the
are discharged into receiving water bodies to minimize potential supply of rock phosphate steadily decreases, the costs of fertilizers will
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increase, significantly impacting the affordability of food products
(Cordell et al., 2009). Consequently, alternative sources for P should be
considered with the emphasis on recyclable or reusable sources from
various wastes to facilitate a sustainable global supply of P.

Researchers have shown the possibility to recover P from various
waste sources in the form of a precipitate known as struvite
(MgNH4PO4,6H20 or MAP), a white, orthorhombic, poorly soluble
crystal, and a premium grade slow-release fertilizer (Massey et al., 2009;
Shu et al., 2006; Zhang et al., 2019). Promising technologies such as
electrically conducting membranes (Kekre et al., 2020), microbial fuel
cells (MFCs) (Cusick and Logan, 2012; Fischer et al., 2011; Ichihashi and
Hirooka, 2012), electrocoagulation (Dura and Breslin, 2019; Kim et al.,
2018; Nasr et al., 2016), or electrochemical precipitation (Govindan
et al., 2021; Hug and Udert, 2013; Kékedy-Nagy et al., 2020a, 2019,
2020b; Kruk et al., 2014; Li et al., 2021; Lin et al., 2018; Ren et al., 2017)
have been proposed as feasible alternatives to existing technologies
(Abel-Denee et al., 2018; Shu et al., 2019; Wang et al., 2019b; Zeng
et al., 2018). To facilitate electrochemical precipitation, a Mg-based
sacrificial anode provides the required amount of Mg in the form of
Mg?* through anodic dissolution (corrosion), with an applied over-
potential () to drive the struvite precipitation reaction.

The electrochemical behavior of Mg-based electrodes is complex and
still not fully understood; controversy still exists about the corrosion and
passivation processes of magnesium in general. Due to the very negative
standard reduction potential of the Mg/Mg?* redox couple (EQ’Mg/Mg2+
= —2.372 V vs. SHE) (Coates, 1945) and non-inert material character-
istics, the anodic dissolution of Mg?* in solutions can be best described
by a heterogeneous electron transfer coupled with or followed by a
homogenous chemical (EC) reaction. Although the electrochemical
behavior of Mg-based electrodes has been greatly studied in a wide
range of aqueous solutions, the water composition has been usually
well-defined or synthetic and most of these studies have been performed
on a bench-scale (Belarbi and Trembly, 2018; Curioni et al., 2015; Liao
et al., 2020; Liu et al., 2019; Wu et al., 2019). Moreover, these studies
were mainly focused on Mg corrosion (Esmaily et al., 2017), P recovery
(Cai et al., 2020), struvite production efficiency (Kékedy-Nagy et al.,
2020b), and energy input based upon the Mg anode type used (Lei et al.,
2020).

On the other hand, systematic studies regarding the general elec-
trochemical behavior of the anode in complex matrixes such as raw
industrial or municipal wastewater effluents are still lacking. In partic-
ular, there are a few studies available that compare how the electro-
chemical system performs across a suite of wastewater sources, where a
comparison of water chemistry differences is possible due to the
wastewater sources being treated by the same electrochemical system
and setup. In addition, detailed studies regarding the impact of elec-
trochemistry on the overall water quality after the electrochemical
nutrient removal process by either a single cell batch reactor or a flow
reactor have been generally avoided. Studies have typically focused on
the performance of the electrochemical system to remove ammonia and
phosphate, but have not analyzed a wide range of water chemistry pa-
rameters (Gao et al., 2020; Lei et al., 2019, 2021; Naresh Kumar et al.,
2019; Ren et al., 2017; Tan et al., 2020; Wang et al., 2019a, 2019¢). Our
study thus attempts to fill an important knowledge gap on the impor-
tance of wastewater source water chemistry in understanding how the
Mg-electrode based electrochemical system performs, and the associated
effects the water chemistry is expected to have on system optimization.

Finally, an economic assessment of the Mg-electrode-driven system
is important to consider in the context of overall added cost to a
wastewater treatment plant and in comparison, to other similar pro-
cesses. In particular, it is useful to compare to other electrocoagulation
technologies that target coagulation and precipitation of target water
components. These target water components include heavy metals,
hardness, silica, phosphate, organics (measured as chemical oxygen
demand, COD or total organic carbon, TOC), and turbidity (Abdel-Shafy
et al., 2020; Brahmi et al., 2019; Espinoza-Quinones et al., 2009; Kobya
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and Demirbas, 2015; Rodriguez et al., 2007). A few studies have eval-
uated the operating costs for treating wastewater using electrochemical
methods with sacrificial anodes consisting of Mg (Abdel-Shafy et al.,
2020; Hug and Udert, 2013). However, a larger number of studies have
examined electrocoagulation systems based on aluminum (Al) (Bayr-
amoglu et al., 2007; Brahmi et al., 2019; Kobya and Demirbas, 2015;
Kobya et al., 2016; Lin et al., 2005; Rodriguez et al., 2007) and iron (Fe)
(Bayramoglu et al., 2007; Espinoza-Quinones et al., 2009; Inan and
Alaydin, 2014; Kobya et al., 2016). Estimated costs range from 0.25 $.
m > t01.85 $.m™3 (Abdel-Shafy et al., 2020; Bayramoglu et al., 2007;
Espinoza-Quinones et al., 2009; Kobya et al., 2016). A primary differ-
ence here in Mg-driven versus Fe- or Al-driven electrocoagulation sys-
tems is the treatment goal of nutrient recovery versus the treatment goal
of contaminant removal. Most economic assessments found in the
literature are based upon theoretical metal anode consumption esti-
mates, which are calculated from the measured cell voltage and current
as a function of time. Both Hug and Udert (2013) and Brahmi et al.
(2019), however, have demonstrated that experimentally-determined
metal (i.e., Mg, Al) consumption can be larger than the theoretical es-
timate, suggesting that cost analyses based upon theoretical consump-
tion likely underestimate the treatment cost.

In this work, a scaled-up electrochemical batch reactor was con-
structed to evaluate nutrient removal from natural wastewater sources,
with quantification of the kinetics, removal efficiency, water composi-
tion, and energy demand of the reactor when a sacrificial magnesium
anode and a stainless-steel cathode are used. We also investigated the
electrochemical behavior of the pure Mg anode in these complex,
nutrient-rich matrixes, including industrial and municipal wastewater
sources, by cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and electrochemical impedance spectroscopy (EIS) experiments, where
the subsequent impact of anodic dissolution on the wastewater
composition and quality was assessed. The structure, morphology, and
composition of the obtained precipitates on the anode surface were
further analyzed by X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDX), and scanning electron microscopy (SEM).

2. Materials and methods
2.1. Materials and instrumentation

The electrolysis experiments for nutrient removal from the various
wastewater compositions were carried out by applying a 31.9 V cell
voltage for 30 min in a scaled-up single-compartment reactor filled with
16 L of the test solution with the distance between the magnesium (Mg,
99.9% pure, 20 x 30 x 0.3 cm, Goodfellow, USA) anode and the 316
stainless steel (316SS, 20 x 30 x 0.3 cm, Goodfellow, USA) cathode
plates held constant at 5 cm, while the solution was continuously stirred
at ~15 rpm (S312-60 Mixer, China). The anode and cathode active
surface areas were ~980 cmz, and the surface-area-to-volume ratio (SA/
V) was 0.061 cm ™. The bulk pH and temperature of the test solutions
were monitored with a digital research grade benchtop pH/mV meter
coupled with a thermometer (HI5221, Hanna Instruments, USA). The
experimental electricity usage and energy input were determined by
using a Kill-A-Watt monitor (P3 International P4400-VP Monitor). The
experimental current was measured and recorded. The experimental
setup is shown in Fig. 1a.

The electrochemical and corrosion studies were carried out in a
conventional three-electrode cell (Pine Research, USA) connected to a
G3000-30,111 potentiostat/galvanostat (Gamry Instruments Inc., USA)
equipped with a Gamry Framework data acquisition software (version
7.8.1), where the pure Mg disk (99.9% pure, ¢ = 5 mm, Goodfellow,
USA), a Ag/AgCl (3.0 M NaCl, BASi, USA) and a graphite rod (Limmersed
= 2.3 cm, ¢ = 0.7 cm, Pine Research, USA) served as the working
electrode (WE), the reference electrode (RE) and the counter electrode
(CE), respectively, see Fig. 1b. All potentials in this study are referenced
against the reference hydrogen electrode (RHE) and were calculated



L. Kékedy-Nagy et al.

e £ 2 4 o
R ) e S

-
fp—

ol
g

@'.umf 0' '&%

@ ® O
®¢s

Fig. 1. (a) The experimental setup of the scaled-up single-cell electrochemical
(2-electrode setup) batch reactor used for the removal of valuable nutrients like
phosphorus and nitrogen in wastewaters, and (b) the conventional three-
electrode cell setup used for the corrosion studies.
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according to equation:

Egue = Epgjagar +0.059 pH + Efg/AgCl (@]

where EQ’Ag/Agcl = +0.210 V vs. SHE (298.15 K) and Eag/agc1 is the
measured working electrode potential. Cyclic voltammograms (CVs)
and linear sweep voltammograms (LSVs) were recorded for the various
test solutions. Electrochemical impedance spectroscopy (EIS) was per-
formed by applying a 10-mA current, with an AC amplitude of +10 mV
vs. Egcp, over a frequency range of 0.1-10° Hz. The pH of the bulk test
solution was determined before and after the experiments by using a
digital pH meter (Orion Star A111, Thermo Scientific). Unless otherwise
stated, all electrochemical experiments were performed at room tem-
perature (rt).

2.2. Natural wastewater pretreatment

Several types of natural wastewater compositions were obtained:
natural poultry wastewater (P-WW, Tyson/River Valley Ingredients,
Scranton, AR, USA) and municipal wastewaters from various treatment
facilities (F-WW, West Side, Fayetteville, AR; FS-WW, P-Street, Fort
Smith, AR, USA; B-WW, Massard, Barling, AR, USA). The raw P-WW was
collected before the anaerobic lagoon and contained hot boiler
condensate, scrubber/cooling tower bleeds and cooked process water,
while the municipal wastewater samples were collected from the
influent at the entry point of their respective wastewater treatment
plants. The raw wastewater samples were pretreated as described before
in our previous papers to remove the colloidal particles and suspended
solids (Kékedy-Nagy et al., 2020a). Filtration of the samples was ach-
ieved by using a crossflow membrane filtration system with a tubular
stainless-steel ultrafiltration membrane (SCEPTER 0.75-250UF-2P,
0.02 pym pore size, Graver Technologies, New Castle County, DE, USA),
where the active membrane length was 61 cm (24 inches) with an inside
diameter of 0.61 cm (0.24 inches). A Hydra-cell pump (Wanner Engi-
neering, Minneapolis, MN, USA) was used to maintain a flow rate of 7.9
L.min~! (2.1 gal.min"}, a flow velocity of 15 fps). The unit was operated
at 35 psi pressure, and the feed temperature was limited to 25 °C by a
circulating water bath (MultiTemp® III, Pharmacia Biotech). The pre-
treated wastewaters were collected from the permeate side for the
electrochemical experiments, and their compositions are shown in
Table S1.

2.3. Surface and material characterization

The elemental compositions and morphologies of the produced
precipitates on the electrode surface were evaluated using a scanning
electron microscope (SEM, FEI Nova Nanolab 200 Dual-Beam). The SEM
images were further processed by using NIH ImageJ, an open-source
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image-processing program. The crystal structure analysis was per-
formed on a Philips PW1830 double system diffractometer, equipped
with a Cu cathode. For characterization purposes, the thin deposited
film was gently collected from the anode surface to eliminate any
possible interference from the Mg substrate on the resulting spectra.
Before and after the electrochemical studies, the composition and the
characteristics of the wastewater samples were determined by the
Arkansas Water Resource Center Water Quality Laboratory (AWRC-
WQL).

2.4. Experimental calculations

The total hardness expressed as equivalent of calcium carbonate
(CaCOs3) was determined using the following equation (Martinez et al.,
2010):

TH[CaCOs) = 2.497x[Ca™* | + 4.118x [Mg*"] 2

where TH is the total hardness as CaCO3 (mg.L’l), [Ca2+] is the calcium
ion concentration, and [Mg2+] is the magnesium ion concentration, both
expressed in mg.L ™. The phosphate removal efficiency after the elec-
trochemical experiments in the various wastewater compositions were
calculated using the following equation (Lin et al., 2018):

(Co-C)

POl = e X 100% 3

where PO4> pem is the phosphate removal efficiency (%), Cy is the initial
(t = 0) phosphate concentration (mg.L™!), and C; is the phosphate
concentration at time ¢ (mg.L™1).

The ammonium removal efficiency was calculated by using the same
approach as described for PO43*Rem in Eq. (3):

NHE = M x 100% )
4Rem Cr

o

where NHy'ger, is the ammonium removal efficiency (%), Co* is the
initial (t+ = 0) ammonium concentration (mg.L’l), and C¢* is the final
ammonium concentration (mg.L’l).

The rate constant (k) values for phosphate (P043_) removal were
obtained from the slopes of the zero-order reactions in various concen-
trations of natural industrial- and municipal wastewater compositions,
where two distinct time regions: (i) 0- and 1-min, and (ii) 1- and 30-min,
were observed. The k values are reported for time region (i) only, as k
values for (i) could not be calculated due to a lack of additional time
points.

The corrosion current was obtained using the Stern—Geary equation:

B, X P.
2303 x R, x (B, + )

(5)

Lo =

where I is the corrosion current (A), S, and f. are the anodic and
cathodic Tafel slopes (V.dec™), respectively, R, is the polarization
resistance (Q).
The corrosion rate was estimated according to the following equa-
tion:
Ioy Xx K X EW

Veorr = PT (6)

where Vo is the corrosion rate in millimeter per year (mm.y’l), Kisa
constant that defines the units of the corrosion rate (K = 0.0254), EW is
the equivalent weight (g.eq 1), p is the density (g.cm™>) [for pure Mg, p
=1.74 g.cm 2], and A is the geometrical area of the disk electrode (A =
0.196 cm?).
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2.5. Operating costs and economic evaluation

When considering the cost of EC treatment, two parameters are
generally evaluated as primary cost items, the electrode material and
energy costs (Kobya et al., 2016). In this study, the operational costs of
the electrochemical process, reported as $.m > of treated wastewater
were calculated both experimentally and theoretically. Theoretical
calculation is the most commonly used method for estimating input
consumption and comparing operational costs in EC studies. Here, we
have obtained theoretical values for operating costs by using the
following parameters and formulas as referenced in previous literature
(Abdel-Shafy et al., 2020; Brahmi et al., 2019):

Operating cost = ACenergy + Celectrode &)

where a is the industrial energy price: 0.07 ($ kW.h™1); b is the mag-
nesium cost: 5.51 ($.kg’1); Cenergy is electrical energy consumption
(kWh.m™3), and Celectrode iS Mg anode consumption (kg.m’g’). The unit
prices for a and b are averages from the US market in 2021 and 2020,
respectively (US EIA, 2021; USGS, 2021).

Theoretical energy consumption was calculated using the following
formula:
Cenergy = Ue x I x 1 8)

\4

where Cepergy is the theoretical energy consumption (kWh.m™3), U, is the
cell voltage (V), I is the average measured current (A), t is the time of
electrolysis (h) and V is the volume of wastewater treated (m>).

Electrode consumption was theoretically determined by the
following equation according to Faraday’s Law:

I xtxM

Celectrode = ——— 9
electrode TXF XV (©)]

where Celectrode 1S the theoretically determined electrode consumption
(kg.m_s), I is the current (A), t is the time of electrolysis (s), M is mo-
lecular mass of magnesium (24.31 g.mol’l), n is the number of electrons
transferred (n = 2), F is Faraday’s constant (96,487 C.mol’l) and Vis
volume of wastewater treated (m>).

The experimental energy consumption was measured for the 2-elec-
trode setup using a Kill-A-Watt monitor. The experimental Mg con-
sumption was determined by calculating the total Mg measured in the
treated wastewater solution plus the amount of Mg consumed as a result
of phosphate precipitation. We note that the experimental Mg con-
sumption is an estimate based upon the assumption that all of the
phosphate precipitated as struvite. It is likely that the experimental Mg
consumption is an underestimate as results described below suggest that
there was also precipitation of magnesium hydroxide species. Further
detailed studies would be necessary to delineate precipitate species.

The current efficiency (CE) was calculated by dividing the dissolved
Mg (Mg, dissolved) by the value expected from the measured current
(Mg, current) using the following equation:

_ Mg dissolved

CE = x 100% (10)

mMg.currem

where CE is the current efficiency (%), mg dissolved is the mass of the Mg
dissolved in solution and precipitate (g), and myig current is the expected
Mg dissolved according to the current (g).

The dissolved mass of Mg (Mg dissolved) Was determined by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES, Method
200.7), while the expected Mg release based upon the measured current
(Mg, current) Was evaluated according to Faraday’s law of electrolysis by
using the following equation:

My, 0
F

(1)

Mg, current =
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where z is the magnesium valence (2), F is the Faraday constant
(96,485.3329 C.mol_l), Mg is the molar mass of Mg (24.3 g.mol_l),
and Q is the electric charge (C) obtained from the integration of the I vs. t
curve (where I is current in A and t is time in s).

3. Results and discussion
3.1. Nutrient removal and water chemistry of natural wastewaters

First, the practicality of nutrient removal from various natural
wastewater sources (see Section 2.2) using the scaled-up electrochemical
batch reactor was investigated. The reactor’s performance along with
the bulk pH and total hardness (TH) of the respective wastewater
effluent measured prior and after the electrochemical experiments are
presented in Table 1. The energy input for nutrient removal varied be-
tween 0.63-1.25 kWh.m > and depended upon the wastewater source.
All compositions exhibited an increase in their respective pH values,
where the F-WW had the highest, with a 2.0-unit increase. This was
followed by the FS-WW and B-WW with a 1.5-1.2-unit increase,
respectively, while the P-WW showed only a 0.4-unit increase in the pH.
Based upon the main electrochemical reactions (see Supporting infor-
mation), the pH increase of the wastewater effluents promotes the
hydrogen evolution reaction (HER) which occurs simultaneously along
with the Mg?* release. Based upon the TH as expressed in Eq. (2), the P-
WW (16.9 mg.L’1 CaCO3) was classified as soft water, the FS-WW (48.9
mg.L’1 CaCO3) and B-WW (56.8 mg.L~ 1 CaCO3) were both classified as
slightly hard waters, while the F-WW (122.4 mg.L ™! CaCOs3) was clas-
sified as hard water (Table 1; see Table S1 for Ca®* and Mg2+ concen-
trations). During the electrochemical experiments, a significant increase
in the TH was observed in all the wastewater samples, which placed all
of them in the hard water classification. This increase was caused by
release of Mg?* from the Mg anode, along with no measurable Ca" loss
through precipitation (Table S2). This progressive change of the TH over
time could have a negative impact on the water quality and influence
nutrient removal through electrochemical precipitation.

Based upon the complexity of the wastewater effluents, multiple
water components present (Table S1) are expected to play a role in
nutrient precipitation and phosphate removal kinetics (Table 1).
Therefore, it is likely that multiple wastewater components contributed
to the enhanced phosphate removal observed for P-WW (Fig. 2). The
presence of Cl~ and NH4" together enhances Mg anode corrosion
(Abbasi et al., 2017; Curioni et al., 2016; Ge et al., 2021; Williams and
Neil McMurray, 2008) and therefore enhances struvite precipitation due
to the increased availability of Mg in solution. Across the four
wastewaters tested, P-WW has the highest combined concentration of
Cl~ and NH,, a finding which is in good agreement with the enhanced
phosphate removal kinetics observed for P-WW (Table 1 and Fig. 2). The
pH of the bulk solution and near the Mg electrode also plays a role, as
increasing pH enhances Mg(OH); formation as a passivating film and as
a precipitate; pH changes ion speciation and therefore change water
chemistry effects on both Mg corrosion and precipitation. In particular,
the higher initial pH of the F-WW sample likely reduced Mg corrosion by
reducing NH," speciation and causing enhanced passivation at the Mg
anode surface.

In contrast to the effects of CI~ and NH4", the presence of Ca?" may
have a negative impact on nutrient precipitation and phosphate
removal. Generally, the presence of significant Ca®" concentrations (i.e.,
ratios of Ca:Mg > 1.0) may enhance the precipitation of Ca?"-P0O,>~
solids, therefore further reducing the purity of the electrochemically
obtained struvite. One way to reduce the interference of Ca%" is by
adding extra chemicals to chelate the Ca®" ions or fix the pH (Shenetal.,
2010; Zhou et al., 2015), however this may lead to an increase in the
operating costs and might change the stoichiometry of the wastewater
composition. In an alternative approach, in this study, we applied a
limited electrolysis time (i.e., 30 min) to minimize the precipitation of
calcium in the form of hydroxyapatite or amorphous calcium phosphate
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Table 1
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The initial pH (pHy); final pH (pHp); initial total hardness (TH;); final total hardness (THp); energy consumption; phosphate removal efficiency (PO4> pem,%);
ammonium removal efficiency (NH,; gem,%); and phosphate removal rate constant (k).

Samples pH; pHf TH;" (mg.L ™) THf' (mg.L ™) Energy consumption (kWh.m~3) PO4> Rem (%) NH;  Rem” (%) k*(uM.min1)
P-Www 8.6 9.3 16.9 151.8 1.25 93.0 12.5 0.622
F-Ww 10.2 12.1 122.4 169.6 0.63 47.5 18.9 0.245
FS-ww 8.5 9.7 48.9 167.3 0.63 44.4 14.3 0.472
B-WwW 7.9 10.4 56.8 224.2 0.63 44.6 12.3 0.294
2 initial total hardness according to Eq. (2).
b phosphate removal efficiency according to Eq. (3).
¢ ammonium removal efficiency according to Eq. (4).
4 phosphate removal rate constant for zero-order kinetics between t = 1 min and t = 30 min.
21 b
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Fig. 2. The evolution of (a) pH, (b) temperature of the bulk solution, (c) phosphate removal efficiency (PO43’Rem,%), and (d) PO43’ concentration over time in the

various natural wastewater compositions during electrochemical nutrient removal.

due to slower reported Ca precipitation kinetics (Lahav et al., 2013).
The presence of Ca?" ions has been shown to slow the kinetics of
struvite precipitation by lengthening the induction time to nucleation
(Acelas et al., 2015; Kabdaszli et al., 2006; Le Corre et al., 2005; Yan and
Shih, 2016). The work by Li et al. showed that lower concentrations of
Ca?* and/or lower Ca:Mg molar ratios minimize the impact of Ca on
struvite precipitation kinetics (Li et al., 2016), suggesting there may be a
minimum Ca?t concentration/ratio threshold for observation of slowed
kinetics. This threshold requirement is likely a contributing factor in our
results, where P-WW had a larger rate constant for phosphate removal,
as compared to the other three wastewater samples, even though the
[Ca®'] varied amongst F-WW, FS-WW, and B-WW. It is also possible that
the larger organic carbon content of the P-WW wastewater contributed

to Ca?" complexation, which may have reduced the negative effects of
Ca on nutrient precipitation in the P-WW sample (Rabinovich and
Rouff, 2021).

The natural wastewater samples tested contained in general between
3.6-5.6 mg.L ™! of PO4>~, while the concentration of NH4 " was higher at
15-32 rng.L*1 (see Table S1), which makes, in this case, the PO43’ the
limiting component of the electrochemically precipitated struvite. The
scaled-up batch reactor achieved a remarkable PO, removal efficiency
of 92.3% from the P-WW and between 42.2-48.1% from the municipal
wastewater samples, while the NH,; " removal efficiency was apparently
smaller and varied between 12.3-48.9%, see Table 1. This apparent
discrepancy is explained by the initial concentration difference observed
for the NH,4 ™ which was 4 to 8 times higher than the PO,>~, depending
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on the wastewater sample. However, based upon their absolute con-
centration decrease (see Table S2), the NH4+:PO43_ showed a 1:1
removal ratio in most of the wastewater samples tested, which is in good
agreement with the stoichiometric ratio of struvite.

The mechanism of electrochemical ammonia removal from waste-
water is complicated, as it is affected by the electrode material, and
electrolyte ionic species present in the wastewater matrix (Yao et al.,
2016). In addition to precipitation reactions (e.g., struvite formation),
ammonia can also be removed through oxidative reactions. Ammonia
speciation sits between the molecular and ionic forms, where the alka-
line pH favors the presence of the molecular form (NHs), while neutral
and acidic pH favor the presence of the ionic form (NH4"). Based upon
the solution pH, ammonia can be removed via direct electrooxidation
through direct electron transfer (pH > 9) or indirect oxidation by an
oxidation mediator such as Cly, HOCl or OCl™ (pH < 7) produced on the
anode surface (Zollig et al., 2015). Moreover, the removal efficiency is
affected by the temperature, applied current density, and the Cl™ con-
centration. For reaction kinetics, a pseudo first-order rate was reported
(Szpyrkowicz et al.,, 1995), whereas others proposed a pseudo
zero-kinetics due to the regeneration of Cl~ during electrolysis (Van-
langendonck et al., 2005). For example, Kim et al. found faster degra-
dation of ammonia, which was achieved using electro-oxidation process
in chlorinated aqueous solution under alkaline conditions (Kim et al.,
2006).

Based upon the high pH; (see Table 1) of the F-WW sample, ammonia
removal may have occurred based upon direct electron transfer with
minimal by-product formation, while for P-WW and FS-WW samples,
the indirect oxidation via active chlorine was likely to be the main
mechanism for ammonia removal. It might be expected that if ammonia
is being oxidized, there would be halogenated by-products present in the
wastewater composition after electrolysis. On the other hand, electro-
chemical ammonia removal in the B-WW sample would proceed through
an indirect oxidation by active radicals at the start (pH; ~7.9) which
could potentially turn into direct electro-oxidation (pHf ~10.4) towards
the end. Moreover, based upon the main electrochemical reactions (see
Supporting information), the localized pH increase near the anode/cath-
ode would further produce a shift of ammonium ions to ammonia,
resulting in nitrogen losses due to ammonia volatilization. However, it is
not possible to completely delineate the ammonia removal mechanisms,
and this aspect of understanding how the wastewater composition
changes with Mg driven electrochemical treatment warrants further
investigation in future studies.

Intrigued by the initial results, we further studied the evolution of
pH, temperature of the bulk solution, PO4>~ removal efficiency, and
PO, concentration change over time, in the various natural waste-
water samples during electrochemical nutrient removal (Fig. 2). As ex-
pected, the pH showed an increasing trend over time, where the largest
change was observed at the start of the experiments, then reaching a
plateau at 15 min in the case of the municipal wastewater samples. The
pH in the industrial wastewater sample (P-WW) reached a plateau after
1 min (Fig. 2a). The temperature showed a steady linear increase over
time for all the samples (Fig. 2b). The greatest PO4>~ removal occurred
within 1 min of electrolysis, i.e., 54% in P-WW and 14-30% in the
municipal wastewater samples (Fig. 2¢c). The pH of the test solution is
considered to be a key factor in the PO4>~ removal, as a result of the
PO,3~ ions speciation, where in alkaline solutions the PO, (HPO,*/
PO43’ DPK, is ~12.67) form dominates (Krezel and Bal, 2004; Stoll and
Blanchard, 1990; Yan et al., 2004). On the other hand, in complex
matrices such as raw industrial or municipal wastewater sources, be-
sides the solution pH, other interfering elements may influence the
PO43’ removal to a greater extent.

The P04~ concentrations versus time during the electrochemical
nutrient removal in the various natural wastewater compositions are
presented in Fig. 2d. Two kinetic regions are evident, where fast removal
occurs within 1 min, and the kinetic relationship for phosphate removal
shifts after that time. It can also be observed that the P04~
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concentration displays a linear relationship with time between 1 and 30
min, suggesting that the reaction follows a zero-order kinetic rate law in
this region. The PO43’ removal rate constants (k) were obtained for the
second kinetic region from the slope and are presented in Table 1, where
the k values for P-WW were 1.3-2.5 units higher than those obtained for
the municipal wastewaters. Based upon the slope of the first kinetic
region, i.e., between 0 and 1 min, the reaction kinetics are expected to be
significantly faster in this initial time frame and could be dependent
upon the reactant concentrations.

The significant decrease in the PO, removal kinetics after 1 min
could be attributed to the: (i) formation of a Mg(OH), passivating layer
and (ii) bubble formation on the anode surface. The formation of the
precipitates act as an insulating layer which has an adverse effect on the
anode performance (i.e., decreased Mg corrosion and decreased nutrient
recovery), which has been reviewed intensively over the years (Hug and
Udert, 2013; Kékedy-Nagy et al., 2019, 2020b; Kruk et al., 2014). Nor-
mally, precipitates cover the Mg anode surface forming a passivating
layer, which act as a second cathode to accelerate Mg?" release at first.
However, at some point, the passivating layer may reduce the ability of
the sacrificial anode to corrode and release Mg?*. Although not
captured, due to safety reasons, during the electrochemical nutrient
removal experiments, significant bubble formation on the anode surface
was visually confirmed, indicating possible molecular hydrogen, Hy
formation. Based upon the major chemical reactions (see Supporting in-
formation), it is expected that alongside nutrient removal, H, production
should occur on the anode and cathode surfaces, respectively. It is ex-
pected that the Hy bubbles would further block the Mg active sites on the
anode surface, therefore, slowing down the P0O43~ removal kinetics after
1 min.

On the other hand, the significant difference in the P0O43~ removal
efficiency over time and k observed between the P-WW and municipal
wastewater samples can be attributed to multiple components and their
combined effects, as described above. In particular, the presence of Cl™
and NH4" species in P-WW disrupt the passivating oxide, enabling
higher Mg corrosion rates, and the presence of higher organic carbon
content enables Ca®" complexation and reduces the effect of Ca on
struvite precipitation. The higher levels of Ca?", contributing to the TH
as expressed in Eq. (2), in the other three wastewater samples likely
delayed struvite nucleation and precipitation. Overall, these different
components would have a combined effect in P-WW to cause an
enhancement in the kinetics of phosphate removal. In recent work, Ge
et al. showed that the presence of NH;™ enhanced Mg corrosion in the
presence of C1~, while Cai et al. elegantly showed during electrochemical
nutrient removal, the surface of the Mg was first oxidized to MgO which
transformed into Mg(OH),, MgNH4PO4, and MgCOs. (Cai et al., 2021;
Ge et al., 2021).

Next, we studied the overall composition of the wastewater samples
before and after the electrochemical experiments using the scaled-up
batch reactor in more detail, see Tables S1, S2. It can be observed that
the concentrations of the PO, and the NH4" decreased, which was
associated with the formation of the precipitates observed on the surface
of the pure Mg anode during the electrochemical nutrient removal ex-
periments. The concentration of the major anions and cations present in
the wastewater samples before and after the experiments are summa-
rized in Fig. 3. It can be observed that the K*, Na™, $042~, Cl~, and NO3~
ionic species showed a decrease in their concentrations, which could
potentially improve the water quality of the effluents. On the other
hand, Ca?* showed a slight increase, whereas the Mg?* ionic species
showed a significant increase in their concentrations in all four waste-
water samples tested, see Fig. 3. It is expected that the increase in the
concentrations of these ionic species would change the conductivity (¢)
of the aqueous solutions, as well as the TH. Based on the results, the
general increase in hardness observed in the wastewater samples can be
mainly attributed to the Mg?", due to the release of Mg?" during anodic
corrosion. Moreover, the slight increase in the Ca®* concentration in the
samples also suggest that little to no Ca?" precipitated during the
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Fig. 3. The concentration of the major anions and cations present before and after the electrochemical nutrient removal using the scaled-up single-cell batch reactor
in the various wastewater effluents: (a) P-WW, (b) F-WW, (¢) FS-WW, and (d) B-WW.

electrochemical nutrient precipitation process.

The evolution of important water quality parameters such as the
conductivity (o), total organic carbon (TOC), total dissolved solids
(TDS), and total suspended solids (TSS) during the electrochemical
nutrient removal experiments are presented in Fig. 4 and Tables S1, S2.
The ¢ showed an increasing trend in all the samples due to the increase
in the concentrations of the Ca®" and Mg?*, see Fig. 3. The most sig-
nificant change in the ¢ was observed for the P-WW sample with a 254-
unit increase, followed by FS-WW (120-unit) and B-WW (116-unit),
while the lowest change was observed for the F-WW, with only a 30-unit
increase, see Fig. 4a. Interestingly, the ¢ of the respective wastewater
matrix had no major influence on the PO43’ and NH4" removal effi-
ciencies, respectively. The TDS showed an increase after the electro-
chemical experiments as well, see Fig. 4c, which may be explained by
the significant increase of the Mg?* ions in the wastewater effluents due
to anodic corrosion as shown in Fig. 3. The slight increase of Ca®* in the
wastewater effluents, see Fig. 3, could also have an effect on the TDS
increase. On the other hand, it can be observed that the TOC and TSS
showed a decrease in all the wastewater effluents, see Fig. 4b, d, which
demonstrates an improvement of water quality. This result suggests that
individual water components, rather than the total dissolved solids as a
whole, affect the electrochemical precipitation process.

The water quality was impacted by the electrochemical nutrient
removal process after which the water quality showed an overall
improvement, however not at the level expected. Although, the various
wastewater effluents were characterized by a lower amount of K+, Na™,
S0,427, C1~, and NO3~ ionic species, while important water quality in-
dicators such as the TOC and TSS showed a significant removal as well;
other parameters such as the o, Mg2+, Caz+, and TDS showed an in-
crease. Most importantly, the biggest concern is the elevated pHy, which
varied between 9.3 —12.1 and is considered high to the accepted level of

6.5 — 8.5 of surface waters; therefore, the treated effluents could not be
discharged into receiving water bodies. These results show that the
electrochemical nutrient removal process should be implemented in the
wastewater treatment plant process flow as a supplementary step, and
pH adjustment would be necessary prior to the treated water being
discharged.

3.2. Electrochemistry and corrosion of pure-Mg in natural wastewaters

Due to the importance of the corrosion and passivation behavior of
Mg during electrochemical nutrient removal in complex matrixes such
as natural industrial or municipal wastewater sources, we decided to
further study Mg electrode behavior by using a conventional three-
electrode cell setup as shown in Fig. 1b. As a first step, we investi-
gated the electrochemical behavior of a pure Mg disk working electrode
(WE) by cyclic voltammetry (CV, not IR corrected) in various natural
wastewater compositions at a scan rate of 50 mV.s ' and rt (Fig. 5). The
figure shows that the obtained full CVs are similar, with no major anodic
or cathodic peaks observed in the potential window employed, indi-
cating electrode passivation, electrodeposition, or product formation at
the electrode surface. Additionally, the increased currents observed in
the reverse scans for all the samples would further suggest a dynamic
change occurring at the electrode surface during that period (Fig. 5). The
Mg passivation region, where essentially zero current is produced, is
similar for the three municipal wastewater sources, even though the
maximum measured current density varies between the three samples.
However, the Mg passivation region for the P-WW sample is shifted to a
more negative potential region, as compared to the municipal waste-
water sources, suggesting that the water composition facilitated a more
energetically favorable Mg corrosion process and associated current
response.
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Fig. 4. The (a) conductivity (o), (b) total organic carbon (TOC), (c) total dissolved solids (TDS), and (d) total suspended solids (TSS) measured before and after the
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Fig. 5. The full cyclic voltammograms (CVs) recorded with the pure Mg disk
electrode in various types of wastewaters at rt with a scan rate of 50 mV.s ™.
Inset: The CVs recorded in municipal wastewater sources.

Next, we studied the electrochemical behavior of the pure Mg discs
by electrochemical impedance spectroscopy (EIS) in the various types of
wastewaters, where the subsequent Nyquist and Bode plots are pre-
sented in Fig. 6. The Nyquist plots, see Fig. 6a, revealed similar capac-
itance arc shapes or semi-circles in all the samples; however, the semi-
circle diameter associated with the polarization resistance (R;) clearly
varied with the wastewater composition and showed an increase for the
municipal sources, see Table 2. Moreover, it can be observed that the
uncompensated resistance (R,), which is associated with the solution

resistance, is significantly higher in the case of the municipal waste-
waters, see Table 2. This result appears to be correlated to the higher
total hardness and the lower chloride/ammonium concentrations of the
municipal wastewaters, as compared to the poultry processing waste-
water, as the TDS of the P-WW sample was not high relative to the other
wastewater samples (see Table S1). Based upon the obtained R;, values,
the pure Mg disk anode showed the lowest corrosion resistance in the P-
WW sample; therefore, the pure Mg anode is expected to have a higher
corrosion rate in the P-WW sample since the current corrosion is
inversely related to the R, according to the Stern-Geary equation, see Eq.
(5). This result aligns with our results in Table 1 and Fig. 2, where the P-
WW sample results in faster phosphate removal kinetics and larger
phosphate removal efficiencies.

It should be noted that it was difficult to model the semi-circles ob-
tained in the Nyquist plots (Fig. 6a) and not possible to fit a circuit to
determine the R;, or Ry, values accurately; therefore, the reported values
shown in Table 2 should be considered relative rather than absolute. The
significant variations at low frequencies observed in the municipal
wastewater sources are typically indicative of systems containing sig-
nificant electrolyte resistance and are obtained for systems where the
surface of the anode is undergoing dynamic changes (i.e., molecular
hydrogen bubble formation or/and solids produced and accumulated on
the magnesium surface) (Zhang and Zeng, 2012). The electrochemical
systems presented show non-steady state behavior due to changes in
electrode properties during the experiment, and this non-steady state
behavior has a significant impact on the stochastic contribution to the
error structure of the EIS measurements. This bias is usually observed
most easily at frequencies that require the longest time for measurement
and that violate the Kramers-Kronig relations, while instrumental arte-
facts tend to appear at high frequencies due to equipment limitations
(Agarwal et al., 1995; Orazem, 2004; Shukla et al., 2004).
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Fig. 6. The EIS data presented in (a) Nyquist plots at the Eocp (—1.95 V vs. RHE) and (b) Bode plots obtained with the pure Mg disk electrode in various types of

natural wastewater sources at rt.

Table 2

Corrosion data obtained for the pure Mg disk in various natural wastewater sources.

Wastewater type Ru(Q) R,(Q) Ecorr(mV vs. RHE) Lo (LA) pe(mV.dec™ ) fa(mV.dec™ ) Veorr (mm.y 1)
P-WW 144 432 —~1261 135.12 305 390 15.76

F-WW 2.6 x 10° 7.4 x 10° —959.4 16.29 842 630 1.90

FS-WW 3.0 x 10° 9.4 x 10° —~1163 23.42 871 811 2.73

B-WW 1.9 x 10° 9.7 x 10° —1248 29.87 980 656 3.48

2 the corrosion current according to Eq. (5).
b the corrosion rate in millimeter per year according to Eq. (6).

To further understand the effect of the various natural wastewater
sources on the Mg-based disk electrode material, the potentiodynamic
polarization (PDP, not IR corrected) curves were recorded, where the
anodic and cathodic branches were generated separately from the cor-
responding anodic and cathodic LSVs, respectively, with a cleaning step
performed in between each LSV. Fig. 7 shows the Tafel plots generated,
where it can be observed that there is a well-developed anodic and
cathodic branch, respectively; however, neither branch is characterized
by a linear Tafel region. At high anodic polarization, the formation of a
passivating layer on the pure Mg disk anode in all wastewater sources
seemed unavoidable, even though all the samples contained Cl~ anions
in their natural composition (see Table S1), which are expected to have a
depassivating effect on the oxide layer. Based upon the polarization
curves, the municipal wastewater sources produced a more significant
passivation layer which could be explained by the higher TH; and lower
chloride/ammonium concentrations (see Table 1), while the one reco-
ded in P-WW shifted to a higher current density region which indicates a
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Fig. 7. The Tafel plots generated from the LSVs (both branches), recorded with
the pure Mg disk electrodes in various types of wastewater sources at a scan rate
of 1 mV.s~! and at rt.

higher pitting corrosion occurrence, see Fig. 7. This result confirms our
previous findings, where the wastewater composition of P-WW, which
included not only higher chloride and ammonium ion concentrations
but lower calcium concentration and higher organic carbon concentra-
tion, appears to have a composition that allows enhanced Mg corrosion
and less surface passivation. The variations in the PDB curves at high
voltage are due to the formation of bubbles on the surface of the Mg
anode, which aligns with our conclusion regarding the influence of both
the Mg(OH), passivation layer and the formation of Hy gas bubbles at
the electrode surface contributing to the shift in measured phosphate
removal kinetics. The different corrosion parameters such as the
corrosion potential (Ecorr), the corrosion current (Ieoyr), the anodic (3,) or
the cathodic (f.) Tafel slopes, and the corrosion rate (V¢orr) are given in
Table 2.

The obtained anodic (f,) and cathodic (5.) Tafel slopes (see Table 2)
show a direct correlation with the natural wastewater composition and
origin, where the slopes generally increased when municipal wastewater
sources were used. The higher Tafel slopes could be explained by the
higher TH; and lower organic carbon concentration, [Cl"], and [NH4 ']
observed for the municipal wastewaters (see Table 1), which could have
impacted the reaction mechanism(s) and the overall reaction kinetics of
nutrient removal. On the other hand, due to the complexity of the nat-
ural wastewater matrixes used in this study, it is expected that slight
changes in the composition could have a major impact on the overall
reaction kinetics and electron transfer process. The pure Mg electrode
showed an approx. 5.7-fold increase in the corrosion rate in the P-WW
sample compared to the municipal wastewaters. These results are in
good agreement with the data obtained from the EIS fitting, where the
sacrificial anode showed the lowest corrosion resistance in P-WW
compared to the other water samples tested (see Table 2).

3.3. Precipitate analysis

The deposits formed on the anode during the nutrient removal ex-
periments conducted with the scaled-up single-cell electrochemical
batch reactor in the natural wastewater source was further analyzed
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using various surface characterization techniques (scanning electron
microscopy (SEM), X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDX)) to study their structure, morphology, and chemical
composition. To eliminate the interfering effects of the Mg substrate on
the XRD and EDX spectra, the precipitate was gently removed from the
anode surface with a straight razor. The high-resolution SEM image of
the precipitate obtained from the P-WW sample is presented in Fig. 8a
and it can be observed that showed a different structure from the high-
quality struvite obtained in similar conditions in synthetic wastewater
composition reported previously by our group (Kékedy-Nagy et al.,
2020a, 2019, 2020b).

Interestingly, the elemental mapping, see Fig. 8b, revealed a homo-
geneous distribution of the significant elements (Mg, O, P and N) usually
present in the electrochemically precipitated struvite composition.
However, the EDX spectrum (Fig. 8c) displayed two well-defined peaks
with their respective atomic percentages (At%) for Mg (24.25 At%) and
O (72.06 At%), while the peaks for N (2.54 At%) and P (1.15 At%) were
significantly smaller. Finally, the XRD pattern (Fig. 8d) revealed that the
precipitate formed on the anode mainly consisted of magnesium hy-
droxide (Mg(OH)5) and showed only a 3% similarity toward the struvite
pattern, which is reasonable considering the low P concentrations in the
wastewater sources, but also may suggest that the P removal followed an
alternative mechanism. One possibility could be through electro-
coagulation involving aluminum (Al) and/or iron (Fe). Both metals are
present in the Mg anode composition as impurities (N.B. based upon the
vendor’s specification: Al 70 mg.L~!; Fe 280 mg.L™!) and could easily be
dislodged/dissolved from the anode surface into the wastewater during
corrosion. The suspended solids (e.g., gravel, slit, clay, sand, and algae)
in the sample might further provide a viable option for P removal, by
providing surface area for P adsorption and precipitation. Furthermore,
although not determined, microorganisms and bacteria present in the
wastewater could provide an alternative pathway for biological P
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removal as well.

The formation of mainly Mg(OH), on the anode surface can be
explained by the increased bulk pH of the P-WW sample (Fig. 2a),
moreover, an increase in the local pH at the electrode’s surface is also
expected during the electrolysis, as described previously by Ben Moussa
et al. (Ben Moussa et al., 2006), which would further increase the pH and
thus negatively impact the struvite formation. In the case of the other
wastewater samples, the obtained precipitate was so low that it could
not be further analyzed; however, we would not expect a significantly
different composition based upon their high pH values measured.
Overall, these results show the important role that pH plays in con-
trolling the precipitate(s) that form and suggest that pH control will be
necessary for these electrochemical systems to optimally produce stru-
vite as the primary precipitate. Further, the phosphate is the limiting
component for struvite precipitation, and due to the higher ammonia
concentrations, ammonia is likely to remain even if all of the phosphate
is removed through struvite precipitation.

3.4. Economic analysis

Current efficiency (CE) has been considered in other studies exam-
ining EC water treatment using Mg (Hug and Udert, 2013) and Al
(Brahmi et al., 2019). Similar to previous works (Brahmi et al., 2019;
Hug and Udert, 2013), the CE was found to be greater than 100% across
all treatments (Table 3), where the P-WW sample had the lowest CE
value of 205% and the B-WW sample showing the largest deviation at
461%. We note that based upon a literature review of calculation
methods and a comparison of experimental and theoretical energy
consumption data, the primary difference we observe in energy con-
sumption calculations is in the use of experimental versus theoretical Mg
consumption data, not in differences between how overall energy con-
sumption is determined. Hug and Udert offer micro-galvanic corrosion
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Fig. 8. (a) High-resolution SEM image of multiple precipitate crystals from P-WW electrochemical precipitation. (b) The EDX elemental (Mg, O, P, N) mappings. (c)
EDX spectrum with the atomic percentages (At%) of the corresponding elements from the recovered precipitate. (d) Powder XRD patterns of the recovered

precipitate.
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Table 3

Summary of the applied cell voltage (Uapp1) for the 2-electrode system, measured
average current (I ye), theoretical energy consumption, theoretical Mg release
(Mg, current), Measured actual Mg release (Mg, dissolved), current efficiency (CE)
as a function of wastewater source.

Samples Uappl Love Theoretical Energy Mg, Mg, CE?
W) () Consumption” cmrent’  dissoved” (%)

(kWh.m™®) @ ®
P-ww 31.9 1.15 1.15 0.0163 0.0334 205
F-Ww 31.9 0.55 0.548 0.0078 0.0268 344
FS-ww 31.9 0.71 0.708 0.0101 0.0328 326
B-Ww 31.9 0.71 0.708 0.0101 0.0463 461

a

calculated from the applied cell voltage and measured average current.

b the expected Mg release based on the measured current according to Eq.
(11).

¢ dissolved mass of Mg determined by ICP-AES.

4 current efficiency according to Eq. (10). Note: experimental energy con-
sumption, as measured by a Kill-A-Watt monitor, was similar and ranged from
0.63 — 1.25 kWh.m >, see Table 1.

release of monovalent Mg ions, or the “chunk effect” as possible expla-
nations for their high CE, while Brahmi et al. offered corrosion and
anodic oxidation as explanation (Brahmi et al., 2019; Hug and Udert,
2013). There have not been extensive efforts to evaluate differences
between theoretical and experimental electrode metal consumption, and
many studies base the economic assessment solely on a theoretical
analysis of measured current densities (Bayramoglu et al., 2007; Brahmi
etal., 2019; Espinoza-Quinones et al., 2009; Kobya and Demirbas, 2015;
Kobya et al., 2016; Rodriguez et al., 2007). In these cases, the current is
used to calculate the charge passed, and based upon an assumption that
all of the charges go to metal corrosion, a theoretical metal consumption
mass can then be calculated. On the other hand, our results suggest that
this approach can severely underestimate the experimental mass of
metal consumed and therefore the estimated materials costs. Further-
more, there are a few studies that compare economic and energy data
across wastewater sources, and our results demonstrate that the energy
consumption varies as a function of wastewater source, due to changes
in water composition.

Operational costs also varied across treatments and methods of
measurement, see Table 4. When using theoretical methods for
measuring electricity and electrode consumption, expected costs ranged
from 0.08 $.m 3 to 0.17 $.m 3 of treated wastewater with expected
costs for the P-WW treatment being roughly double that of all other
treatments, however, the experimentally measured values showed sub-
stantially different results. Operational costs across all treatments
increased with values rising at a minimum of 59.5% for the P-WW
treatment to a maximum increase of 185.2% for B-WW. Here, the
treatment of B-WW sample was the most expensive with a cost of 0.30 $.
m

Due to P removal efficiencies varied across treatments, it is also
useful to consider costs in terms of P removal. When viewed from this
perspective, the P-WW treatment is the most cost effective with opera-
tional costs of 0.07 $.kg” ! P removed, see Fig. 9. While theoretical

Table 4
Operational costs evaluated for experimental and theoretical analysis methods.
Cost Item P-WW F-WW FS-WwW B-WW
Energy Consumption Cost ($.m~3)
Experimental 0.09 0.04 0.04 0.04
Theoretical 0.08 0.04 0.05 0.05
Mg Consumption Cost ($.m~3)
Experimental 0.18 0.15 0.18 0.26
Theoretical 0.09 0.04 0.06 0.06
Total Operational Cost ($.m™3%)
Experimental 0.27 0.19 0.22 0.30
Theoretical 0.17 0.08 0.10 0.10
Change in Cost (%) 59.5% 135.8% 114.2% 185.2%
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Fig. 9. The operational costs evaluated for theoretical and experimental anal-
ysis methods as per kg of phosphorus removed, Prem.

estimates would predict B-WW to show costs on par with the P-WW
treatment, experimental results found costs to be 76.4% higher than P-
WW (Fig. 9).

In a comparison to available literature, Abdel-Shafy et al. estimated
operating costs of 0.88 $.m 2 for the treatment of cooling tower blow-
down water using a magnesium-rod electrode, where they reported a
phosphate removal efficiency of 98.0%, which is similar to P removal
efficiencies seen with the P-WW treatment in our studies. On the other
hand, while removal efficiencies were only 5.1% lower, operating costs
for the P-WW treatment were 69.3% less than reported by Abdel-Shafy et
al. Even with lower prices for electricity ($0.04/kWh) and Mg ($1.00/
kg), higher consumption of energy, longer electrolysis times, and higher
consumption of electrode material resulted in higher costs being realized
in their study.

Studies utilizing Al as the sacrificial material report operating costs
ranging from 0.27 $.m™3 (Lin et al., 2005) to 1.85 $.m™> (Kobya et al.,
2016). Studies utilizing Fe as the sacrificial material report operating
costs ranging from 0.25 $.m™3 (Bayramoglu et al., 2007) to 1.70 $.m~3
(Espinoza-Quinones et al., 2009). With experimental costs estimated in
this study ranging from 0.19 $.m > to 0.30 $.m 3, treatment under the
conditions tested herein appears to be cost effective in relation to other
studies utilizing Mg, Al, and Fe as a sacrificial material. Furthermore, as
the majority of studies appear to use theoretical methods for estimating
electrode consumption, our evaluation of CE reveals a likelihood that
other studies may be underestimating the true costs associated with EC
treatment.

4. Conclusions

In this study, we investigated the performance of a bench-scale
electrochemical batch reactor for nutrient removal, as well as the elec-
trochemical behavior of pure Mg disk electrodes in complex matrixes
such as natural industrial or municipal wastewater sources. This work
assessed the impact of the wastewater chemistry on Mg electrode
corrosion behavior, anodic dissolution of Mg, and the kinetics and
overall efficiency of nutrient removal. The scaled-up reactor removed up
to 54% of the PO,* present in natural wastewaters within 1 min, with an
energy input of 0.04 kWh.m? during that reaction time. Kinetic analysis
showed that the PO43’ removal followed a zero-order kinetic rate law
for t > 1 min, and the rate constant (k) depended upon the total hardness
(TH) and the levels of C1-, NH4", and organic carbon present in the
solution, with an inverse relationship between the rate constant and
Ca®" ion concentration but a direct correlation between [Cl~] and
[NH4 "] and the rate constant. The sacrificial anode showed the lowest
corrosion resistance in the natural industrial wastewater source, while in
the municipal wastewater sources, a general increase in the Tafel slope
was observed. Surface characterization of the precipitate formed on the
Mg anode during electrochemical treatment of P-WW indicated that the
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film obtained on the anode surface was mainly magnesium hydroxide,
presumed to form due to the increased bulk pH of wastewater source.
The wastewater chemistry was impacted by the Mg?* dissolution where
total dissolved solids (TDS) increased in the treated effluents. On the
other hand, an overall improvement of water quality was observed
based upon important water quality parameters such as total organic
carbon (TOC), total suspended solids (TSS), and turbidity which all
showed significant decreases. However, the electrochemically driven
nutrient removal did not produce potable water directly. An economic
assessment of the electrochemical results resulted in an estimated cost of
0.19 - 0.30 $.m™3, based upon experimental Mg consumption data.
Comparative results from the economic analysis showed the importance
of basing costs on experimental Mg consumption data, as a theoretical
basis is likely to underestimate costs. Furthermore, due to lower treat-
ment times and Mg consumption rates, the estimated costs of this study
are largely lower than those reported in the literature and are compet-
itive with other electrocoagulation processes.
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