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ARTICLE INFO ABSTRACT

Editor: Yujie Men Recalcitrant phosphorus (P) species, i.e., soluble non-reactive phosphorus (sNRP), are generally not effectively

removed or recovered in conventional wastewater treatment processes. This was substantiated in our meta-

Keywords: analysis, which showed that nearly one-third of wastewater facilities’ effluent P was primarily in the non-
fon exc}lang? reactive form. Transformation of sNRP to more readily removable/recoverable soluble reactive phosphorus
;ﬁr:isef?:?:;[;:al (sRP) may offer a viable pathway to enhance P removal and recovery. Electrooxidation (EO) may offer one route
Wastewater for sNRP to sRP transformation. During EO, different sNRP transformation pathways may occur, influencing the

extent and efficiency of SNRP transformations as a function of water quality. To explore these mechanisms, we
conducted oxidant quenching tests as well as cyclic voltammetry and chronoamperometry experiments using a
synthetic water matrix spiked with the SNRP compound beta-glycerol phosphate (BGP). We found that direct
electron transfer was responsible for BGP transformation. To assess the applicability of EO for wastewater SNRP
to sRP transformation and improved recoverability, EO was used to treat municipal wastewater centrate, fol-
lowed by tests of sSNRP recoverability using the P-selective LayneRT™ jon exchanger. Complete transformation of
centrate SNRP to sRP was not achieved with EO, but subsequent removal of sNRP using ion exchange increased
after 2 hr of EO treatment. Longer periods of EO treatment did not improve sNRP removal. Improved sNRP
adsorption after EO was likely due to decreased competing organics in the centrate after EO treatment. Overall,
this study showed that EO can improve sNRP removal using subsequent ion exchange and facilitate enhanced P
recovery.

Advanced oxidation process (AOP)
Direct electron transfer

1. Introduction feed stock. Therefore, treatment processes targeting enhanced P

removal and recovery can help achieve sustainable P management.

Excess release of nutrients, e.g., phosphorus (P), into surface
waterbodies can lead to algal blooms or eutrophication, causing hypoxic
conditions detrimental to aquatic life [6]. Wastewater P discharge
contributes to increased P loading into surface water bodies, but
advanced water reclamation processes can help minimize P discharge.
Additionally, a circular P economy can be stimulated by recovering
wastewater-derived P as valuable products, e.g., fertilizer and bio-fuel

Although conventional treatment processes, e.g., enhanced biological P
removal, ion exchange, chemical precipitation, filtration, coagulation,
sedimentation, flocculation, and adsorption, generally remove particu-
late P and soluble reactive P (sRP), soluble non-reactive P (sNRP) is
generally not treated effectively (see [2] and Fig. S1 in the Supporting
Information [SI] for further definition of the P fractions) [22].

A recent meta-analysis of different P fractions in environmental

Abbreviations: BGP, Beta-glycerol phosphate; DET, Direct electron transfer; EO, Electrooxidation; Kg, Freundlich isotherm constant; K;, Langmuir isotherm
constant; Kpro, Reaction constant for pseudo-first order reaction; Kpso, Reaction constant for pseudo-second order reaction; MDL, Minimum detection limit; P,
Phosphorus; PA, Phytic acid; q., Adsorption capacity at equilibrium; qmax, Maximum adsorption capacity; sNRP, Soluble non-reactive phosphorus; sRP, Soluble

reactive phosphorus; TP, Total phosphorus.
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waters, municipal wastewaters, and manures included particulate P,
sRP, and total P (TP) data, but the SNRP fraction was not reported [22].
While a national-scale analysis of the degree of sNRP discharge in
wastewater is currently lacking, Qin et al. [19] estimated that approxi-
mately 26 — 81% of TP in wastewater effluent can be present in the SNRP
form. Yoshimura et al. [25] reported that SNRP may comprise 5 — 83% of
TP in the North Pacific waters, while Monbet et al. [16] found that 6 —
40% of total soluble P can be in the sNRP form. Given sufficient time,
discharged sNRP can transform into bioavailable forms through micro-
bial processes and cause eutrophication [19]. Due to its recalcitrance,
sNRP generally cannot be recovered using conventional recovery stra-
tegies like precipitation or selective adsorption, e.g., using ion exchange.
Removal of sNRP species will decrease overall eutrophication potential
while its recovery will contribute to the circular P economy, an impor-
tant target given the essential, yet non-renewable and non-substitutable,
nature of P. Therefore, technologies targeting SNRP removal and re-
covery contribute to sustainable P management strategies.

Studies using UV/H05, UV/TiO,, Fenton, and photo-Fenton have
targeted removal or detoxification of the parent SNRP compounds via
advanced oxidation [10,3,7]. However, neither SNRP transformation nor
subsequent recovery was assessed in these studies. Transformation of
sNRP to sRP can provide a viable pathway for enhanced recovery as sRP
is more readily recoverable through ion exchange and struvite precipi-
tation. Transformation of sSNRP to sRP is possible using electrooxidation
(EO) and UV/H30, [15,20,23]. Mallick et al. [15] reported that
EO-based sNRP to sRP transformation was more effective than conven-
tional advanced oxidation processes (AOPs), e.g., UV/H20,, in terms of
both energy efficiency and the degree of transformation. However, the
energy input required for SNRP transformation to sRP was still very high,
making implementation of EO for P transformation challenging [15].

The high energy demand for complete transformation of sNRP
compounds may be circumvented if partial transformation of sNRP
compounds can improve subsequent P recovery using adsorbents such as
P-selective ion exchangers. Partially transformed sNRP compounds
could potentially be concentrated using ion exchange and then further
treated for enhanced removal and recovery. Therefore, this study eval-
uated the potential for partial transformation of sNRP using EO to
improve the subsequent recoverability of SNRP species using LayneRT™
ion exchange media with the hypothesis that recovery of EO-treated
sNRP compounds would be higher than untreated sSNRP compounds. If
LayneRT™ can remove more sNRP after EO treatment, then the high
energy demand for complete SNRP transformation could be avoided.

The specific study objectives were to: (i) conduct a meta-analysis to
determine the prevalence of SNRP in wastewater matrices, (ii) investi-
gate the role of potential EO-based transformation mechanisms (e.g.,
oxidants sorbed on the anode surface [as in [4]], dissolved oxidants in
the bulk solution, and direct electron transfer [DET]), and (iii) assess the
post-EO recoverability of sSNRP using ion exchange. The EO-based SNRP
to sRP transformation mechanism was studied as the process can be
better controlled once the dominant mechanism is identified. For
instance, if DET is the dominant mechanism, then an increase in applied
current density below the limiting current density would increase
transformation. Lab-grade sNRP compounds were used in the mecha-
nism analysis. To assess sNRP recoverability after EO treatment, ion
exchange was used given that it can concentrate sRP to facilitate re-
covery of a P product suitable for direct reuse [24]. Recoverability of
sNRP using ion exchange after EO was first assessed using synthetic
water matrices containing phytic acid (PA) or beta-glycerol phosphate
(BGP). Next, a real-world wastewater sample (centrate from an anaer-
obic digester) was used to assess kinetic and isotherm models of
EO-treated sNRP removal using ion exchange.
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2. Materials and methods

2.1. Meta-analysis to determine the prevalence of non-reactive P in
wastewater

The occurrence of non-reactive P in wastewater was studied via
meta-analysis. Municipal and industrial wastewater discharges for 2019
were retrieved from the U.S. Environmental Protection Agency’s (EPA’s)
Enforcement and Compliance History Online (ECHO) website (htt
ps://echo.epa.gov/). The initial search returned 19,988 P data points.
These data were filtered to include only those with geographically/
temporally matched total and reactive P measurements, resulting in a
total of 571 data points. The ECHO data did not explicitly differentiate
between dissolved and particulate species.

2.2. Electrooxidation (EQ) reactor

The EO reactor consisted of a 250-mL Berzelius beaker (holding 200
mL solution) with a 3D-printed plastic reactor cap providing 1-cm inter-
electrode spacing. Titanium (Performance Titanium Group, San Diego,
CA) was used as the cathode while boron-doped diamond (BDD)
(Fraunhofer, Lansing, MI) was used as the anode. The surface area for
each electrode was 13.5 cm?. The reactor contents were continuously
stirred at 50 rpm during experiments using a multi-position magnetic
stirrer (Bell-ennium, Vineland, NJ). A current density of 7.41 mA/cm?
was applied using a Sorensen XPH75-2D DC Power Supply (AMETEK
Inc., Berwyn, PA) for all EO experiments. The applied current density
was selected based on previous experiments testing a range of current
densities [15], which showed substantial SNRP transformation at 7.41
mA/cm?.

2.3. Investigation of the role of sorbed and dissolved oxidant mechanisms

To explore the role of sorbed versus dissolved oxidants in quencher
experiments, two organic SNRP compounds previously shown to trans-
form during EO were used: phytic acid (PA) and beta-glycerol phosphate
(BGP) [15]. The initial concentration of the SNRP compounds was 1 mg
P/L, consistent with the concentration used by Mallick et al. [15]. Low P
concentrations were chosen as tertiary treatment may be needed to
satisfy P discharge regulations, which are projected to be increasingly
stringent to prevent eutrophication in receiving waterbodies.

In separate experiments, 100 mM allyl alcohol was used to quench
sorbed oxidants while 100 mM tertiary butanol was used to quench
dissolved oxidants. High concentrations of quenchers were used to
confirm complete quenching of dissolved or sorbed oxidants. Due to the
interaction between the n-orbital of unsaturated allyl alcohol and the
anode surface, allyl alcohol primarily reacts with oxidants sorbed on the
anode surface [4]. Allylic carbon is highly reactive with oxidants, and
because allyl alcohol interacts very strongly with the anode surface,
highly concentrated allyl alcohol (100 mM) reacts with anode-sorbed
oxidants while the other compounds dissolved in the solution (here,
PA or BGP) react with any dissolved oxidants generated in the system
[17,5].

Tertiary butanol is a saturated alcohol that does not readily interact
with the anode surface, but it does react with dissolved oxidants [12].
Therefore, tertiary butanol quenches dissolved oxidants in the bulk so-
lution and the transformation of PA or BGP in the presence of tertiary
butanol would be attributed to oxidation by sorbed oxidants.

The EO quencher tests were conducted for 30 min using 7.41 mA/
em? current density. Samples were collected at 1, 2, 5, 10, 20, and 30
min to assess the transformation kinetics of PA and BGP in the presence
of allyl alcohol or tertiary butanol. All chemicals were purchased as 99%
pure forms from Sigma Aldrich (St. Louis, MO). The structure of the
sNRP compounds and quenchers is shown in Fig. S3.
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2.3.1. Investigation of the role of direct electron transfer

Direct electron transfer (DET) on the anode was assessed through
cyclic voltammetry and chronoamperometry tests using a VersaSTAT 4
potentiostat (Berwyn, PA). These tests were conducted in synthetic
water matrices prepared by spiking deionized water with 2.6 mM so-
dium sulfate (NazSOj4). Cyclic voltammetry experiments were conducted
by scanning voltage at a rate of 50 mV/s between 0.0 V and 1.0 V. For
chronoamperometry experiments, a constant voltage of 1.0 V was
applied for 180 s.

Solutions were spiked with 0.2, 0.4, 1.0, 1.6, 2, 3, 4, or 8 mg P/L BGP,
an sNRP compound demonstrating transformation during EO [15]. Only
BGP was tested in the DET experiment as BGP and PA previously showed
similar transformation trends [15]. Increasing current with increasing
BGP concentration would indicate oxidation through DET.

2.4. Centrate characterization and treatment

After exploring the mechanisms of EO-based sNRP transformation in
synthetic matrices, transformation was tested in actual wastewater
matrices with high P content, i.e., centrate. Centrate was collected from
the South Shore Water Reclamation Facility (Oak Creek, WI) where
solids from the anaerobic digester are conditioned with Mannich poly-
mer (Clarifloc C-321) and then thickened using a gravity belt thickener.
Centrate was characterized by measuring total solids (TS), total sus-
pended solids (TSS), volatile solids (VS), volatile suspended solids (VSS),
total chemical oxygen demand (TCOD), soluble chemical oxygen de-
mand (sCOD), dissolved organic carbon (DOC), P speciation (total P,
total soluble P, total reactive P, and sRP), and UV absorbance.

The solids tests were conducted following the protocols in 2540 B, D,
and E of standard methods [2]. The COD tests were conducted using the
U.S. EPA-approved Hach digestion Method 8000 (Loveland, CO). After
filtering samples through a 0.45 um PTFE syringe filter (Agela Tech-
nologies, Wilmington, DE) and acidifying them with HCl, DOC was
measured using a Shimadzu TOC VCSN analyzer (Kyoto, Japan), in
accordance with U.S. EPA Method 415.3. These results are compiled in
Table S2.

Centrate samples were treated with 7.41 mA/cm? current density EO
for 2, 4, or 6 h to achieve varying degrees of P transformation. No fouling
was observed on the electrode surface after EO treatment. Mineraliza-
tion of organics was determined by measuring DOC after EO treatment.
Transformation of organics was further evaluated by analyzing UV
absorbance after EO treatment. A UV-VIS spectroscopy scan was con-
ducted from 200 to 400 nm using a Genesys 50 UV-VIS Spectropho-
tometer (Fisher Scientific, Waltham, MA) for both untreated and treated
centrate samples. UV absorbance at 254 nm was recorded to assess the
extent of organic transformation during EO treatment and SUVA54 was
calculated by normalizing DOC to UVys54 absorbance.

2.5. Ion exchange tests

LayneRT™ ion exchange resin (Layne Christensen Company, The
Woodlands, TX) was used to assess the recoverability of partially
transformed sNRP compounds after EO treatment. After the ion ex-
change experiments, total soluble P and sRP analyses were conducted
(as described in Section 2.7) to determine the removal of EO-treated
sNRP using ion exchange.

2.5.1. Testing sSNRP removal using ion exchange after EO treatment in
synthetic matrices

Synthetic water matrices were prepared by spiking an electrolytic
solution (600 mg/L NaySO4 dissolved into deionized water) with 15 mg
P/L of the sSNRP compound PA or BGP in separate experiments. High
sNRP concentrations were used in the recoverability experiments to
reflect the high P content of wastewater matrices such as centrate. The
water was treated with EO for 2, 4, or 6 hr. Batch ion exchange exper-
iments were conducted by dosing 10 mL untreated or EO-treated sSNRP
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solutions with 250 mg LayneRT™ to ensure the presence of sufficient ion
exchanger to remove P from the bulk solution [21]. Preliminary ex-
periments showed that no further ion exchange was achieved after 5
days (i.e., equilibrium had been achieved). Thus, samples were mixed on
a Multi-Purpose Tube Rotator at 20 rpm for 5 days (Thermo Fisher
Scientific, Waltham, MA).

2.5.2. Kinetics of centrate sSNRP removal using ion exchange

Removal of centrate SNRP using LayneRT™ was evaluated after 0, 2,
4, or 6 hr EO treatment. The kinetics of SNRP removal using ion ex-
change were tested by dosing 10 mL of EO-treated centrate with 250 mg
LayneRT™ in independent sorption tests for 0.5, 1, 2, 3, 5, 24.5, or 48 h
with constant mixing at 20 rpm on a Multi-Purpose Tube Rotator. Data
points were evaluated using pseudo-first order and pseudo-second order
kinetic models. The linear pseudo-first order kinetic model is shown in
Eq. 1, while the linear pseudo-second order kinetic model is shown in
Eq. 2.

In(g. — q;) = Ing. — Kpro 1 (@)

t 1 1
—=——+—t )
¢ Keso ¢ 4q.

where, q. = adsorption of sNRP at equilibrium (mg P/ g LayneRT™).
q¢ = adsorption capacity of SNRP at time t in hr (mg P/ g LayneRT™).
Kpro = pseudo-first order rate constant (1/hr).
Kpso = pseudo-second order rate constant (g LayneRT™ /mg P-hr).
Using the best linear model fit, nonlinear modeling was performed,
as shown in Egs. 3 and 4 for pseudo-first and pseudo-second order ki-
netic modeling, respectively:

g =q.(1—e e 1) (3

2 K t
¢ = q. PSO €))
qe Kpso t+1

2.5.3. Isotherm modeling of centrate sSNRP removal using ion exchange

For adsorption isotherm modeling, SNRP removal using LayneRT™
ion exchange resin was tested by dosing 10 mL of centrate with 25, 50,
100, 150, 200, or 250 mg LayneRT™. The kinetic tests of SNRP removal
using LayneRT™ indicated that the change in SNRP concentration was
less than 5% after 4 days. Thus, isotherm experiments were conducted
for 5 days with 20 rpm mixing using a Multi-Purpose Tube Rotator. The
Langmuir (Eq. 5) and Freundlich (Eq. 6) linear models were evaluated.
C, 1 C,

SR S ®)
qe KL Gmax Gmax

1
logg, = logKy +—logC, (6)
n

where, C. = equilibrium concentration of sNRP (mg P/L).
Qmax = Mmaximum sNRP adsorption capacity (mg P/g LayneRT™).
K;, = Langmuir constant (1/mg P).
Kg = Freundlich constant ([mg P/ g LayneRT™]*[L/mg P]l/ m,
n = unitless empirical constant in the Freundlich isotherm model.
Using the best linear model fit, nonlinear modeling was performed
using the Langmuir (Eq. 7) or Freundlich (Eq. 8) nonlinear isotherm
models:

Gmax KL Ce
e = 7
9 1+K, C. )
9. =K ®)

2.6. P analyses

Total P (TP) and reactive P measurements (after persulfate digestion,
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Method 4500 P B 5) were conducted using the ascorbic acid method
(4500 P E) according to standard methods [2]. Filtered samples
(0.45 ym Whatman™ cellulose membrane filter, GE Healthcare Life
Sciences, Chicago, IL) were used to measure dissolved species. The
concentration of SNRP was calculated by subtracting sRP from total
soluble P. The minimum detection level (MDL) of the ascorbic acid
method was 0.02 mg/L, calculated in accordance with the U.S. EPA
recommended method [9].

2.7. Precipitate analysis

After EO, solid white precipitate was observed on the cathode surface
(Fig. S5). The solid was analyzed using energy dispersive X-ray (EDX,
JEOL JSM 6510 LV SEM, Jeol USA Inc., Peabody, MA) at 20 kV using
backscattered electron imaging in the low vacuum mode. Solid precip-
itate was also dissolved into 5 mL 50% HCl and then analyzed using ICP-
MS (7700 Series, Agilent Technologies, Santa Clara, CA) as well as via
the ascorbic acid method to determine its reactive P content.

2.8. QA/QC and statistical analysis

All centrate characterization analyses were run in triplicate. All
quenching experiments and ion exchange experiments were performed
in triplicate, with results representing the average of three different
centrate samples. Statistical analyses were performed in GraphPad
Prism 9.3.1 (La Jolla, CA) using one-way ANOVA and Tukey post hoc
analysis with a significance level of a = 0.05.
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3. Results and discussion
3.1. Prevalence of non-reactive P in wastewater

The highest TP loading to the 571 different receiving waterbodies in
the meta-analysis was 9.6 million 1b/year, with the highest non-reactive
P loading at 6.8 million lb/year (Fig. 1a). The median loadings were
2239 and 546 lb/year for TP and non-reactive P, respectively. As shown
in Fig. 1b, up to 100% of TP discharge can be in the non-reactive form,
although the median was 33% (mean = 37.4%, n = 571). The majority
of the discharged P was non-reactive in nearly one-third (32%) of the
571 facilities. Non-reactive P accounted for greater than 90% of the TP
discharge in 4% of the facilities (Fig. 1c). The spatial variation of non-
reactive P loading in wastewater discharge is shown by state in Fig. S2.

As shown in Fig. 1, a substantial fraction of the wastewater effluent
TP can be in non-reactive forms. When released into environmental
waters, the non-reactive forms can cause eutrophication either via direct
bio-assimilation or after enzymatic transformation to sRP [19]. There-
fore, to decrease TP discharge and reduce the negative effects of
excessive P levels in environmental waters, wastewater treatment tar-
geting reduction of sNRP as part of TP management is critical (for
example, transforming sNRP using EO followed by removal using ion
exchange).

3.2. The role of sorbed and dissolved oxidants in electrooxidation (EO)-
based P transformation

Oxidative transformation of sNRP during EO could occur through
three potential pathways: 1) reactions with oxidants sorbed on the
electrode surface [4], 2) reactions with oxidants in the bulk solution,
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and 3) DET. Quenching experiments were performed to systematically
assess the relative role of each of these mechanisms. Transformation of
the SNRP compounds PA and BGP by EO in the presence of allyl alcohol
and tertiary butanol quenchers was significantly less compared to
transformation without any quencher (p < 0.0001) (Fig. 2a). Low
transformation in the presence of both quenchers indicated that neither
sorbed nor dissolved oxidants played a critical role in the transformation
of sSNRP compounds. While DET transformation of PA or BGP should still
occur in the presence of either quencher, the low levels of trans-
formation observed are believed to be a result of the relatively high
concentration of quenchers used (100 mM) compared to the orders of
magnitude lower concentrations of PA (5.4 uM or 1 mg P/L) and BGP
(32.3 uM or 1 mg P/L) in solution. The highly concentrated quenchers
likely outcompeted PA or BGP for DET, resulting in low sNRP
transformation.

Transformation of PA and BGP followed zero order kinetics in the
presence of the quenchers (Fig. 2b), consistent with PA and BGP trans-
formation without quenching, as reported by [15]. Zero order kinetics
are expected to prevail when DET is the dominant mechanism in the
electrochemical reactor [1]. The rate constants corresponding to PA and
BGP transformation with quenchers were statistically similar
(p > 0.1572, Table S1).

3.3. Confirmation of direct electron transfer (DET) for P transformation

As discussed in the previous section, EO-based sNRP to sRP trans-
formation was likely achieved due to DET. However, the quencher ex-
periments did not directly assess DET of SNRP compounds. Therefore,
cyclic voltammetry and chronoamperometry experiments were con-
ducted using BGP to assess DET. There was no detectable peak in the
cyclic voltammetry diagram (Fig. S4), likely because EO-based sNRP
transformation at low applied current density is not limited by mass
transfer. The chronoamperometry experiments showed that with
increased BGP concentration, the steady state current increased linearly
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(Fig. 3). An increase in the steady state current with a relatively high
concentration of BGP in solution indicated that BGP caused additional
electron transfer, or DET.

The cumulative evidence of low transformation in the presence of
oxidant quenchers, zero order kinetics, cyclic voltammetry, and chro-
noamperometry experiments indicated that DET was the dominant
mechanism in EO-based sNRP transformation. This information is
important to inform process control and electrode design. For instance,
since DET is the dominant mechanism in EO-based transformation,
higher transformation can be achieved by applying higher current
density. Higher surface area electrodes may also be used to increase
volumetric transformation rates.

3.4. Removal of sNRP after EO treatment using ion exchange: Synthetic
water matrices

After EO treatment, SNRP removal using ion exchange in synthetic
water matrices containing PA or BGP improved significantly with each
incremental increase in EO treatment (p < 0.0001, Fig. 4). Compared to
synthetic matrices without EO treatment, 11% more sNRP removal was
achieved using 6-hr of EO followed by ion exchange. Increased sNRP
removal using LayneRT™ after EO treatment indicated that partial
transformation of sNRP compounds increased removal using ion
exchange.

3.5. Shifts in centrate P speciation after EO

In realistic water matrices, the presence of organics and other con-
stituents could compete with sNRP transformation. Therefore, removal
of EO-treated sNRP in centrate using ion exchange was tested. The
centrate was first treated with EO for 2, 4, or 6 hr. Complete trans-
formation of wastewater centrate sSNRP (as indicated by an increase in
reactive P species) was not observed after EO treatment (Fig. 5). How-
ever, TP and total reactive P decreased significantly (p < 0.0058) after
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tron transfer occurred when more BGP was added, con-
firming DET as the mechanism for BGP transformation in
the electrooxidation reactor. Each data point corresponds
to a single chronoamperometry experiment.
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(sNRP) using LayneRT™ after electrooxidation (EO) treat-
ment in electrolytic (600 mg/L NaySO4) synthetic water
matrices containing either phytic acid (PA) or beta-glycerol
phosphate (BGP). EO was performed using 7.41 mA/cm?
current density and 50 rpm mixing speed for 0, 2, 4, or
m2 hr 6 hr. The ion exchange experiments were conducted for 5
days in batch experiments at 20 rpm mixing speed dosing
=4 hr 10 mL of synthetic water matrices (15 mgP/L) with
6 hr 250 mg LayneRT™. The bars in the figure represent aver-
ages of triplicate analyses while the error bars represent

+ 1 standard error.
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Fig. 5. Phosphorus (P) speciation in municipal wastewater centrate before and after electrooxidation (EO). EO was performed using 7.41 mA/cm? current density
and 50 rpm mixing speed. The bars represent averages of triplicate analyses while the error bars represent + 1 standard error.

2 hr of EO treatment, with no further decreases after 4 and 6 hr of EO
treatment (p > 0.5584). Given that there was no significant change in
total soluble P, sRP, or SNRP before and after treatment (p > 0.147), the
decrease in TP and total reactive P was attributed to transformation to
particulate reactive P, which partitioned out of solution, as observed by
the deposition of a white precipitate on the titanium cathode surface
after EO treatment (Fig. S5).

The EDX analysis of the solids showed peaks for magnesium, cal-
cium, phosphorus, oxygen, and carbon (Fig. S6), indicating that the
precipitate might contain phosphates of magnesium and calcium.
Further ICP-MS analysis of the precipitate showed it contained 1.2 mg
(38 umol) P. The summation of reactive P in the precipitate and bulk

solution was statistically similar to the bulk solution reactive P content
in the untreated centrate (Fig. S7, p = 0.7730). ICP-MS analysis showed
that the precipitate contained 1.5 mg (62 pmol) magnesium and 5.2 mg
(131 pmol) calcium, indicating that the precipitate could be a mix of
calcium and magnesium phosphates. The bulk solution pH remained at
8.2 — 8.4 throughout EO treatment. This slightly alkaline pH is generally
not suitable for magnesium or calcium phosphate precipitation [8].
However, the local pH at the titanium cathodes can be much higher (9.9
- 14.5), facilitating precipitation on the electrode surface [11].
Although no transformation to sRP was achieved, mineralization of
organic carbon was observed during EO treatment, confirming EO pro-
cess performance (Section S7 of the SI). The lack of P transformation and
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low level of carbon mineralization indicate that not all energy input into
the system was directed toward transforming the organics in solution;
instead, energy was lost in the process. The EO reactor configuration
(BDD anode and titanium cathode) does not have any selectivity towards
P compounds, and an array of additional reactions, e.g., hydrogen or
oxygen evolution and intermediate generation, may have occurred.
Such reactions could consume energy, detracting from sNRP trans-
formation. Moreover, compared to sNRP transformation in synthetic
water matrices [15], the C/P ratio is much higher in centrate (3.6 in
centrate vs. 0.4 in PA and 1.16 in BGP), which might also negatively
affect P transformation in centrate.

3.6. Removal of EO-treated centrate P using ion exchange: Kinetics and
isotherms

A major goal of this study was to assess if EO treatment could in-
crease the recoverability of centrate SNRP such that improved removal
of partially transformed sNRP after EO would circumvent the high en-
ergy demand of complete transformation to sRP (the P form most
amenable to removal and recovery). As shown by the kinetic (Fig. 6) and
isotherm (Fig. 7) modeling using LayneRT™ ion exchange resin, EO
treatment improved removal of centrate SNRP species without the need
for complete transformation to sRP.

The pseudo-second order linear kinetic model of SNRP removal using
LayneRT™ offered a strong fit ®R? > 0.78, as shown in Fig. S10b; the
non-linear model is shown in Fig. 6) indicating that sSNRP removal using
LayneRT™ depended on the diffusion of SNRP to the ion exchange sites
[18].

There was a significant increase in SNRP removal capacity (q.) be-
tween the untreated centrate sample (t = 0) and after 2 hr of EO treat-
ment (p =0.0061) (Fig. 6). Subsequent incremental increases in EO
treatment time did not significantly improve adsorption capacity
(p > 0.0920). This demonstrates that even though EO did not
completely transform sNRP compounds (Fig. 5), the compounds were
still more easily removable and recoverable using ion exchange after EO.

The linear Langmuir model provided a better fit (R? > 0.85) for SNRP
removal using LayneRT™ than the Freundlich model (R2 < 0.07)
(Fig. S11). The non-linear Langmuir model is thus shown in Fig. 7. The
maximum sNRP removal capacity (qmax) increased significantly after
2 hr of EO treatment (p = 0.0141). However, further improvement in
Qgmax Was not achieved after 4 and 6 hr of EO treatment (p > 0.7146).
LayneRT™s affinity for sSNRP adsorption, represented by the Langmuir
constant (Kp), did not change significantly after EO treatment
(p > 0.8069). Given that complete sNRP transformation was not
observed (Fig. 5) and that partial transformation of sNRP would be
anticipated to improve sorption capacity (Fig. 4), this lack of change in
affinity suggests that negligible SNRP transformation occurred. How-
ever, the wastewater organic analysis showed that after EO treatment,
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represented by SUVAjs4), such that sNRP had less competition for the
ion exchange sites [21].

3.7. Recommendations for future work

While EO treatment improved sNRP removal using ion exchange, the
energy input to do so was generally high. In this study, the energy
consumption for centrate sNRP transformation using EO could not be
calculated as complete transformation was not achieved. However,
Mallick et al. [15] previously reported that sNRP transformation in
synthetic water matrices consumed 10’ kWh/kg energy using EO. The
energy input is likely to be even higher for centrate sNRP trans-
formation. Quantification of the energy losses e.g., through hydrogen or
oxygen evolution reactions, formation of intermediates, and/or system
resistance due to double layer capacitance on the anode surface, will
inform future improvements in the energy efficiency of EO-based
nutrient transformation.

Given that DET was the dominant mechanism in EO-based sNRP
transformation, increasing electrode surface area may improve trans-
formation. However, increasing surface area would also add to oper-
ating costs. Moreover, depending on the electrode material, the kinetics
of sNRP transformation may change. Future research into EO reactor
configuration (electrode materials and surface area of electrode) is
needed to develop better understanding of EO-based nutrient trans-
formation process efficiency.

4. Conclusions

The meta-analysis presented in this study showed that SNRP can
comprise a substantial fraction of TP discharge from wastewater. The
majority of the TP load was in the non-reactive form in 32% of the fa-
cilities. Although sNRP species are recalcitrant and less bioavailable
compared to sRP, they can still cause eutrophication. Therefore, SNRP
discharge into receiving waterbodies needs to be controlled.

Transformation of sNRP into more readily removable/recoverable
species using EO (the dominant mechanism for which is DET) can
facilitate SNRP recovery from wastewater. Removal of SNRP compounds
in synthetic water matrices using ion exchange improved significantly
after EO treatment. However, when EO was used to treat centrate,
complete transformation of SNRP was not achieved. Reactive P from the
bulk solution precipitated as particulate P (ostensibly magnesium and
calcium phosphates) on the cathode surface, potentially offering a P
recovery pathway if the precipitate is separated for reuse applications, e.
g., as fertilizer. Although centrate SNRP did not completely transform,
recoverability of the EO-treated centrate sNRP increased. Since the af-
finity for SNRP removal using LayneRT™ jon exchanger was virtually
the same before and after EO treatment, increased removal of SNRP after
EO treatment can likely be attributed to less competition from organics

there were fewer organics (particularly aromatic organics, as in the EO-treated centrate samples. However, increasing recoverabili
8 y 8 g
0.3 Fig. 6. Pseudo-second order non-linear kinetic models of
®0hr 2 hr soluble non-reactive P (sNRP) removal from wastewater
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l; . ? trooxidation (EQO) treatment for 0, 2, 4, or 6 hr. EO was
% 0.2 1 - operated at 7.41 mA/cm? current density and 50 rpm
i ] X I mixing speed. The ion exchange kinetics were conducted in
S 0.15 1 T batch experiments at 20 rpm mixing speed dosing 10 mL of
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Fig. 7. Langmuir isotherm of soluble non-reactive phosphorus (SNRP) removal using LayneRT™ jon exchange material after electrooxidation (EO) treatment for 2, 4,
or 6 hr. EO was operated at 7.41 mA/cm? current density and 50 rpm mixing speed. Isotherms were conducted in batch experiments at 20 rpm mixing speed for 5
days, which was sufficient to achieve equilibrium. The points represent averages of triplicate analyses while the error bars represent + 1 standard deviation.

of centrate sSNRP using EO might not be a practical choice due to the low
increase in recoverability in response to the high energy input. Alternate
pathways, e.g., selective adsorption [14,13], may offer a more efficient
means of improved sNRP removal and recovery from wastewater.
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