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ABSTRACT

Phosphorus (P) removal from water and recovery into useable forms is a critical component of creating a sus-
tainable P cycle, although mature technologies for P removal and recovery are still lacking. The goal of this paper
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was to advance the testing of novel materials for P removal and recovery from water by providing guidance on
the development of more realistic aqueous matrices used during materials development. Literature reports of
“new” materials to remove P from water are often difficult to compare in terms of performance because authors
use a myriad of water chemistries containing P concentrations, pH, and competing ions. Moreover, many tests are
conducted in simplified matrices that do not reflect conditions in real systems. To address this critical gap, the
research herein developed a systematic approach of identifying aqueous matrices relevant to P recovery,
including key components in the aqueous matrices having the greatest influence on the mechanisms of P removal
with emphasis on phosphate precipitation and phosphate adsorption, and providing guidelines on relevant
“recipes” for aqueous solutions for testing novel materials. Key components in the aqueous matrices included
hydrogen ion (i.e., pH), multivalent metal cations, and dissolved organic matter due to their influence on
phosphate precipitation and adsorption mechanisms. Recipes for buffer solution and synthetic groundwater,
surface water, anaerobic digestate, and stored urine are discussed in the context of P removal and recovery
processes. Wherein the adoption of standard matrices in other fields have permitted direct comparison of pro-
cesses or materials, it is anticipated that adoption of relevant aqueous matrix recipes for P removal and recovery

will improve the ability to directly compare novel materials and processes.

1. Introduction

Phosphorus (P) is an essential nutrient required for plant growth,
microbial activity, and human nutrition. Mined P underpins the global
food system (Cordell et al., 2009; Jacobs et al., 2017; Zhu et al., 2023),
and many socioeconomic and biophysical constraints result in supply
vulnerabilities (Baker et al., 2024). Global reliance on mined P has also
caused significant ecological problems and has been identified as a
high-risk planetary boundary (Steffen et al., 2015). Although food pro-
duction (agriculture and livestock) represents >90% of the P uses, less
than 10% of the mined P ends up in human food because of losses
through fertilizer use in soils, industrial-scale animal operations, and
food processing. Consequently, sources of P pollution into the aquatic
environment result in lower P concentrations at high-water-flow loca-
tions (e.g., domestic wastewater effluents, urban and agricultural
runoff) or higher P-concentrations at low-water-flow locations (e.g.,
animal waste lagoons, anaerobic digesters) (Mayer et al., 2016; Ritt-
mann et al., 2011). Reducing society’s reliance upon mined P can be
achieved by improving P-removal technologies (Sarvajayakesavalu
et al., 2018), but only when P removal is accompanied by recovery in a
solution or mineral form suitable for beneficial use, such as in agricul-
ture (Babcock-Jackson et al., 2023). Although many political and soci-
etal barriers exist in the P cycle (El Wali et al., 2021; Rahimpour
Golroudbary et al., 2020), there is a need to benchmark the performance
of existing technologies and develop new technologies for P removal and
recovery.

Advanced materials and processes have great potential to improve P
sustainability by advancing P removal and recovery (Jones et al., 2020).
The two most widely developed removal technologies are selective
precipitation and adsorption processes. However, limited viable options
exist that are technologically mature for P recovery (Li et al., 2019). For
example, struvite, a magnesium ammonium phosphate mineral, pre-
cipitation (Guan et al., 2023; Siciliano et al., 2020) is a commercially
available process for P recovery from wastewater (Zhu et al., 2023),
whereas P adsorption using modified goethite or lanthanum-modified
bentonite (Haghseresht et al., 2009; Lalley et al., 2015; Wu et al.,
2020) has been used in commercial applications for P removal but not P
recovery.

At the laboratory scale, innovations in material science have led to
numerous research articles evaluating novel precipitants and adsorbents
for P removal from water (Almanassra et al., 2021; Du et al., 2022;
Kajjumba and Marti, 2022). One common limitation in material science
research on P removal is the lack of testing conditions using environ-
mentally relevant matrices, with the emphasis in this paper on aqueous
solutions. Many studies test new materials in deionized or ultrapure
water spiked with phosphate (Liu et al., 2019, 2021; Wang et al., 2020),
which provides limited information on the performance of a new ma-
terial in real water situations. For example, solution pH affects phos-
phate speciation, which affects all aspects of precipitation and

adsorption, and the amount and type of other solutes affects the ion
activity product for precipitation and competition for surface binding
sites for adsorption. Beyond chemical composition of the test water,
other impact factors include the sorbate (i.e., phosphate) to adsorbent
(solid phase) mass ratios used during the tests (Hristovski and Mar-
kovski, 2017), the morphology and surface area of adsorbents (Luo
et al., 2021a, 2021b), and the duration of experiments where there can
be phase changes in phosphate-containing minerals (Zhi et al., 2022).
Testing new materials in more relevant aqueous matrices would
generate more useful results and help identify earlier the limitations of
new materials that have the potential to accelerate new P-removal and
-recovery technologies.

Despite the pressing societal need for P recovery as part of a more
sustainable P cycle, development of technologies for deployment has
been slow, in part due to new materials for P removal failing to perform
as needed in real situations. Standardization of water chemistries for
testing has greatly improved technology development in numerous
fields. For example, NSF/ANSI Standards 53 or 61 establish specific
drinking-water relevant conditions to test performance of treatment
technologies or leaching of chemicals from drinking water contact ma-
terials (Kelechava, 2022); the USEPA has soft- or hard-water chemistries
recommended for use in aquatic toxicity studies (USEPA, 1986);
biomedical testing relies upon specific matrices used to simulate saliva,
gastric fluids for various stages of fasting, and synthetic urine (Marques
et al., 2011). Accordingly, the goal of this paper was to advance the
testing of novel materials for P removal and recovery from water by
providing guidance on the development of more realistic aqueous
matrices used during materials development. The objectives of this
paper were to: (1) develop a framework to systematically evaluate P
removal from water by phosphate precipitation and adsorption; (2)
identify aqueous matrices relevant to P recovery; (3) identify key com-
ponents in the aqueous matrices that have the greatest influence on the
chemistry of P removal; and (4) provide guidelines on standard recipes
for aqueous solutions for testing new materials for P removal and
recovery.

2. Background

Phosphorus removal, reuse, and recovery are key terms in this paper.
Phosphorus removal refers to the capture of P in water and wastewater
and includes precipitation and adsorption. Biological uptake of P by
aquatic plants and microorganisms is another form of P capture, but not
considered in this paper, but phosphate-binding proteins (PBPs) envi-
sioned as adsorbents are within scope (Hussein et al., 2024). As re-
searchers create new precipitants and adsorbents, the results of this
study will be useful for screening those materials and evaluating if
modifications to their properties can improve P capture. In addition,
new materials for P capture can be synthesized considering the key
aqueous components identified in this study. Phosphorus reuse refers to
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the beneficial use of P that was previously present in water or waste-
water. Hence, P recovery is the combination of P capture and P reuse. In
this paper, the term “P removal” is used when the emphasis is on the
mechanism of P capture in water, whereas “P recovery” is used when the
emphasis is on the final product. The most common example of P re-
covery is precipitation of struvite from wastewater for use as fertilizer or
soil amendment (Ferraro et al., 2023; Guan et al., 2023; Mayor et al.,
2023), although other P-containing concentrated solutions (e.g., after
release from adsorbents), solid-materials, and beneficial uses are also
desired.

2.1. Phosphorus chemistry

There are many inorganic and organic forms of P as well as dissolved,
colloidal, or particulate forms of P, in water, each of which influences
the potential for P removal and recovery. Fig. 1 summarizes some of the
most common P species in water. The pK, of the P species is included in
Fig. 1 to illustrate the different forms of P present as a function of pH.
Fig. 2 shows operational definitions of P that are used in the literature
when considering dissolved or particulate and inorganic or organic.
Phosphite, a reduced form of phosphate, is used in some agrochemicals
(Havlin and Schlegel, 2021) and is found in wetland soils (Pasek et al.,
2014) and a minor component of wastewater (Yu et al., 2015). Pyro- and
tri-phosphate are polyphosphate species with numerous oxygen func-
tional groups. DNA, RNA, and phospholipids are major components of
algae, bacteria, and other microorganisms. Whereas DNA and RNA
degrade rapidly via naturally occurring enzymes in water due to their
lability, phospholipids are not very water-soluble. Fig. 1 also shows
representative adenosine phosphates, such as adenosine diphosphate
(ADP), which is a biologically significant molecule that plays key roles in
energy storage and release. Phytic acid, a natural substance found in
plant seeds and grain husks, represents one of the most P-rich structures
found in nature.

Most waters contain phosphate in the presence of one or more of the
other types of P compounds shown in Figs. 1 and 2. There are several
methods to measure P in aqueous solutions, including ion chromatog-
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spectrophotometric approaches. The general approach is to directly
react a color-responsive reagent with phosphate, sometimes preceded by
digesting the sample to release phosphate from organic material or
condensed phosphates. The color-responsive reagent is selected based
on the expected P concentrations in the samples. The vanadomolybdo-
phosphoric acid method is typically used for a P range of 1-20 mg/L and
the ascorbic acid method is used for the range of 0.01-6 mg/L. In both
methods, the intensity of the color produced after reaction with phos-
phate is proportional to the P concentration. The reagents come pack-
aged as kits to measure P, and can also be purchased from chemical
suppliers. More details on these methods, sample preparation guidance,
and limitations can be found in Standard Methods for the Examination of
Water and Wastewater (Eaton et al., 2005).

2.2. Phosphorus precipitation

Phosphorus, in the form of phosphate, can interact with metal cat-
ions to form metal phosphate solids. Precipitation occurs when the ion
activity product (IAP) exceeds the solubility product (Kgo) of the solid, as
illustrated in Equation (1):

Me3(PO4) (5) = 3Me*" (aq) + 2PO3~ (aq) Eq. 1

where n = 2 (i.e., the charge on the metal) gives [AP = [Me]® x [ PO?{]2
and n = 3 gives IAP = [Me] x [ PO%’], and the concentration of phos-
phate species is a function of pH. For IAP > Ky, the metal phosphate is
supersaturated in solution and precipitation is thermodynamically
favorable. Table 1 lists metal phosphate solids, with corresponding Kgo
values that have the potential for P capture. With Ko values on the order
of 107 to 1073°, most metal phosphate solids have a low equilibrium
phosphate concentration in water. It is worth noting when comparing
Ko values that stoichiometries that differ from Equation (1) are possible
for metal phosphate solids with hydroxyapatite (Cas(PO4)3(OH), IAP =
[Ca?*1°[PO3"13[OH]) and struvite (MgNH4PO4-6H,0), IAP = [Mg2*]
[NHZA] [POE’]) being two common examples (Guan et al., 2023; Peng
et al., 2018). Finally, the IAP also influences the kinetics of precipitation,

raphy, with the most common and straightforward being albeit in a complex manner depending on crystal nucleation and growth
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Fig. 1. Common inorganic and organic forms of P in water.
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Fig. 2. Phosphorus forms and its characteristics in water. Reprinted with permission from (Macintosh et al., 2018). Copyright 2018 American Chemical Society.

Table 1
Apparent solubility products (Kyo) of metal phosphates in specific aqueous
matrices.

Metal phosphate log Kso Water matrix tested Reference
Caz(POy)2 -25.5 Livestock wastewater Cao and Harris
(2008)
Cas(OH)(POy4)3 —44.33 Simple synthetic water, Deng and Dhar
domestic wastewater, urine (2023)
Cd3(PO4)2 —32.60  Simple synthetic water Matusik et al.
(2008)
Fe3(P04)2-8H,0 -36 Groundwater Goedhart et al.
(2022)
FeP0O,4-2H,0 —26.4 Domestic wastewater Thistleton et al.
(2002)
LaPOy4 —22.43 Surface water Zhi et al. (2020)
Mgs(POy4)2 —23.28 Synthetic seawater Golubev et al.
(2001)
MgNH4PO4-6H,0 -13.36 Domestic wastewater, urine, Siciliano et al.
livestock wastewater (2020)
Niz(PO4)2 -31.3 Synthetic industrial Yu and Jiang
‘wastewater (2019)
Pbs(OH)(PO4)3 —62.79  Simple synthetic water Mouflih et al.
(2005)
Zn3(POy4); —32.04  Simple synthetic water Quimby and

McCune (1957)

mechanisms (Brezonik and Arnold, 2011).

Recent review articles on P capture by metal-phosphate precipitation
focus on different metals used to promote precipitation, e.g., rare earth
elements (Kajjumba and Marti, 2022; Kunhikrishnan et al., 2022), and
producing different forms of phosphate minerals, e.g., struvite, viv-
ianite, and hydroxyapatite (Deng and Dhar, 2023; Yesigat et al., 2022;
Zhu et al., 2023). Metal phosphate precipitation is influenced by pH,
ionic strength, turbidity, presence of interfering metal cations and
anions/ligands, and in some cases redox potential (e.g., vivianite). pH is
the most important solution condition to consider because it influences
the thermodynamics of metal-phosphate precipitation by shifting the
speciation of phosphate, and in some cases, constituent metal cations.
Ionic strength influences metal phosphate precipitation by influencing
the activity of phosphate and metal cations, and ion interactions with
metal mineral surfaces. Together, pH and ionic strength directly influ-
ence the IAP, which controls whether metal phosphate precipitation is
thermodynamically favorable. Interfering ions and ligands can inhibit
precipitation and result in impure products. P recovery requires that
metal phosphate solids have a composition, form, and particle size that
is amenable to the intended beneficial use.

2.3. Phosphorus adsorption

Removal of P as phosphate has been investigated extensively using a
variety of adsorbents, including metal (hydr)oxides, organic

functionalized materials, phosphate-binding proteins (PBPs), ion-
exchange resin, biochar, and clay-modified materials (Blaney et al.,
2007; Haghseresht et al., 2009; Lalley et al., 2015; Wu et al., 2020).
Phosphate adsorbs to materials via different mechanisms that include
electrostatic/outer-sphere, ligand exchange/inner-sphere, and surface
precipitation. For example, a novel lanthanum-modified bentonite
(Robb et al., 2003) was found to have a high affinity for dihydrogen
phosphate (HyPO4) at acidic to neutral pH (5-7) due to surface pre-
cipitation (Haghseresht et al., 2009), whereas other materials like metal
(hydr)oxides including ZrO, and Fe-based materials (hematite, a-FeoO3)
form inner-sphere complexes of varying structure (e.g., monodentate or
bidentate) with phosphate species depending on pH and surface loading
(Elzinga and Sparks, 2007). For Fe-based material (goethite, FeFOOH),
increasing pKj, of surface groups was found to be linearly dependent on
the binding affinity or strength of these complexes (Liao et al., 2021).
Ion exchange resins can remove phosphate by purely electrostatic in-
teractions (Gregory and Dhond, 1972) or more selective inner-sphere
complexation for hybrid anion exchange resin containing metal oxides
(Blaney et al., 2007).

Table 2 summarizes the phosphate-adsorption capacity on repre-
sentative adsorbents that have been tested for P capture. The table in-
cludes the pH, temperature, and aqueous environment for the
adsorption test conditions. The results in Table 2 illustrate the range in
phosphate-adsorption capacities documented in the literature. Capac-
ities for commonly used adsorbent materials are ultimately controlled
by their surface reactivities, including surface area and surface site
density, which constrains the molar amount of ions that can be arranged
in a monolayer. The adsorption capacities are also dependent on pH and
temperature. Greater adsorption of phosphate typically occurs at acidic
pH due to more favorable electrostatic interactions, with pH values
lower than the pH point of zero charge (pHp,) or isoelectric point
(pHigp) of the adsorbent surface having more favorable interactions with
phosphate anion. The variation in pH and surface charge of the adsor-
bent results in a large range of adsorbent capacities for various mate-
rials, as emphasized in Table 2. Additionally, these capacities depend on
other components of the water matrix, as competitive adsorption by
other solutes may reduce the number of active adsorbent sites available
to phosphate. Common competing ions in water and wastewater include
sulfate, bicarbonate, nitrate, and chloride with similar isostructural
tetrahedral configurations between sulfate and phosphate, posing a
particular challenge for selective removal (Wu et al., 2020). Natural
water matrices also include organic acids (e.g., natural organic matter),
soluble microbial products, and cations in addition to the previously
stated anions, which can inhibit phosphate adsorption.

Phosphate removal via adsorption can be achieved using a variety of
materials with subsequent P recovery varying from direct soil applica-
tion of the phosphate-loaded adsorbent to phosphate recovery from
regeneration (i.e., desorption) solutions (O’Neal and Boyer, 2015; Zheng
et al., 2023). Previous studies have used desorption methods to recover
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Table 2
Phosphate adsorption capacity on representative adsorbents.
Adsorbent pH Temperature P capacity (mg/ Aqueous Environment Reference
((®] 8)
E33 Bayoxide 7.0 21 26.8 NaH,PO4-(H,0) Lalley et al. (2015)
E33 modified with AgII 7.0 21 28.0 NaH,PO4-(H,0) Lalley et al. (2015)
Fe-loaded biomass char 3.0 25 35.4 KH,PO4 Zhou et al. (2013)
Cerium dioxide 4.8-5.6 25 30-80 KH,PO,4, NaOH and HCl Wu and Lo (2020)
Fly ash 3.0 25 189 NaH,PO4, HNO3; or NaOH Yao et al. (2009)
Metal oxides from manganese ore tailing 6.0 25 26.3 NaH,PO4, 0.01 M NaNOs3, HCl or NaOH  Liu et al. (2012)
Magnetic iron oxide nanoparticles 3.0 15 3.7 KH,PO,4, NaOH and HCI Yoon et al. (2014)
Naturally occurring bacteriogenic iron (oxyhydr) 6.0 21 1.4-22 KH,PO4, 0.086 M MES, and 0.01 MNaCl  Field et al. (2019)
oxides
Phoslock (lanthanum-modified bentonite) 5-7 10-35 9.5-10.5 KH,PO4, NaOH or HCl Haghseresht et al.
(2009)
Red mud 4.0 25 0.5 NaH,PO4-7H,0, Castaldi et al. (2010)
0.1 M NacCl, HCI or NaOH
Steel slag 5.5 25 5.3 KH,PO4, Xiong et al. (2008)
0.01 M KCl,
HCl and NaOH
Zinc-aluminum layered double hydroxides 9.0 25 30.0 Sewage sludge filtrate, HCl or NaOH, Cheng et al. (2009)

P including salts, acids, bases, or a combination depending on the
adsorbent type (Sengupta and Pandit, 2011). After liquid treatment for
recovery of P, ammonia-treated Al-Mg layered-double hydroxide and
calcite-chitosan-based adsorbent materials have weakened P complexes
that can be used as slow-release fertilizer materials (Pap et al., 2020; Yan
et al.,, 2018). Additional studies have quantified desorption and P re-
covery from waste streams, such as urine and digester filtrate (O’Neal
and Boyer, 2015), by comparing phosphate desorption from anion ex-
change resin followed by precipitation in the regenerant with direct
precipitation of phosphate in the original waste stream. In some cases, it

may be necessary to transform organic P species (e.g., RNA, DNA,
phospholipids) from algae cells or animal manure using oxidants into
inorganic phosphate anions prior adsorption (Molitor et al., 2024; Sin-
delar et al., 2015b, 2016). Oxidative transformation coupled with ion
exchange resin adsorption and slow desorption with KOH was shown as
a viable process for P-recovery for intensive algae culturing (Gifford
et al., 2015), wherein the concentrated P solution contained potassium
which was important in reuse as a nutrient feed solution for the algae
biorefinery. Recovery of P from spent adsorbents and liquid concen-
trates is possible (O’Neal and Boyer, 2015; Sengupta and Pandit, 2011);
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1. Develop framework Filter: Phosphate P removal and recovery
for P removal in water precipitation and
phosphate
adsorption Precipitants, Natural MATRIX RECIPES
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matrices relevantto P
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3. Identify key
components with
influenceon P
removal mechanisms

4. Provide guidelines
for synthetic aqueous
solutions for testing
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Fig. 3. Study framework used to identify synthetic aqueous solutions for testing new P removal materials. Study objectives were used to develop screening criteria
that were applied to the framework. The result is simulant recipes for synthetic aqueous solutions to be used in experimentation. Common components in synthetic

and real samples are highlighted.
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however, the processes have limitations as the technologies are still
being developed.

3. Study framework and approach

Fig. 3 shows the framework that was developed in this paper and was
informed by previous work related to environmental indicators (Smeets
and Weterings, 1999) and scenario development (Mahmoud et al.,
2009). The four study objectives were used to establish boundary con-
ditions for the analysis. Screening criteria were developed for the four
study objectives based on review of peer-reviewed literature. Literature
review and analysis resulted in the identification relevant aqueous
matrices, enumeration of key components in the aqueous matrices, and
development of four recipes for aqueous solutions for testing new ma-
terials for P removal in water. The framework also indicates the use of
real water samples that have been analyzed for the key components
included in the synthetic aqueous solutions. Variables excluded from the
analysis were noted and may be explored in future meta-analyses (e.g.,
using the PRISMA framework for metadata curation (Page et al., 2021)).

Table 3
Identification and composition of aqueous matrices relevant to P recovery (See
Fig. 2 for definitions of abbreviations for P forms. NR = not reported.).

Matrix Total P, mg/ P forms pH Chloride,
L mg/L
Swine manure 1556 DP = SRP 7.1 NR
effluent” PP=PIP,
POP
Stored human urine” 540 DP = SRP 9.1 3800
Anaerobic digester 110 DP = SRP, 7.6 580-5,800™"
centrate* DOP
PP=PIP,
POP
Landfill leachate® 5.42 DP = SRP, 7.0 10,000
DOP
PP=PIP
Untreated domestic 5-20 DP = SRP, 6.5-8.5 30-100
wastewater” DOP
PP=PIP,
POP
Agricultural surface 1.0 DP = SRP NR NR
runoff’ PP=PIP
Stormwater runoff® 0.14-2.78 DP = SRP NR NR
PP=PIP
Agricultural tile 0.480 DP = SRP NR NR
drainage” PP=PIP
Constructed wetland' 0.11 DP = SRP, NR 60.83
DOP
PP—PIP,
DOP
Surface water’ 0.111-0.250 DP = SRP, 7.3-7.8 55-186
DOP
PP = DIP,
POP
Groundwater" 0.66 DP = SRP NR NR
Seawater' 0.09 DP = SRP NR 19,000

2 Zhang et al. (2020).

b Larsen et al. (2021).

¢ Munch and Barr (2001).

4 Farhangi et al., (2021); Khanzada (2020).
¢ Davis (2020).

f He et al. (2006); Tan and Zhang (2011).

& Yang and Toor (2017).

h Tan and Zhang (2011).

! Kohler et al. (2004).

J Boyer et al. (2011); Mallin et al. (2009).

K Warrack et al. (2022).

! Hem (1985).

™ Chloride estimated from electrical conductivity (McCleskey, 2011).
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4. Aqueous matrices relevant to P recovery

Table 3 lists aqueous matrices relevant to P recovery and includes P
concentration, P form, pH, and chloride concentration as a surrogate for
ionic strength, with the forms to total P (TP) illustrated in Fig. 2. As
reviewed in section 2, pH and presence of other inorganic ions influence
the extent of phosphate capture by precipitation or adsorption; hence,
these water quality parameters are included in Table 3. Given the
variability inherent to any aqueous matrix, such as seasonal changes or
sporadic events (e.g., excessive rainfall), the results in Table 3 are
intended to be representative for P concentration and P form, and not an
average composition. The aqueous matrices span natural waters and
waste streams. The waste streams include point sources, such as urine,
wastewater, and anaerobic digester centrate, and nonpoint sources
including agricultural surface runoff, tile drainage, and stormwater
runoff. It is worth noting that, with the exception of Cheng et al. (2009),
the studies listed in Table 2 use simple aqueous matrices in the
adsorption experiments, as opposed to those meant to replicate
real-world situations.

The concentration of P in aqueous matrices spans five orders of
magnitude, from less than 0.1 mg/L to greater than 1000 mg/L. The
highest P concentrations are in swine manure effluent, human urine,
anaerobic digester centrate, landfill leachate, and untreated wastewater.
Natural waters typically have a low P concentration (e.g., <0.5 mg/L in
surface water and <0.1 mg/L in seawater); however, surface water can
be impacted by point and nonpoint sources resulting in elevated P
concentration, and groundwater can have elevated P concentration from
its natural minerology (geogenic P) and anthropogenic activities.

The TP in aqueous matrices is often separated into dissolved P (DP)
and particulate P (PP). The fraction that elutes after filtration with a
0.45 pm membrane filter is DP and the fraction that is retained is PP
(Wilde et al., 2014). In many cases, DP is assumed to be equivalent to
soluble reactive P (SRP), i.e., phosphate, and PP is not further classified.
The fractions of SRP/TP and PP/TP vary considerably within and across
aqueous matrices. For example, SRP/TP varied from 0.19 to 1.00 M to
95" percentile) in stormwater runoff from 21 events across six resi-
dential catchments (Yang and Toor, 2017). Additionally, median
SRP/TP varied from 0.40 in agricultural runoff (He et al., 2006) to 0.63
in stormwater runoff (Yang and Toor, 2017) and approaches 1.0 in
stored urine (Griffith et al., 1976). Although PP can account for more
than one-half of TP in aqueous matrices, it is often not characterized.
When PP is analyzed, it is typically dominated by inorganic fractions
including iron phosphate and calcium phosphate minerals (Griffith
et al., 1976; Larsen et al., 2021).

Aqueous matrices can also contain dissolved organic P (DOP) and
particulate organic P (POP). For example, anaerobic digester centrate
and eutrophic surface water can include DOP and POP including bac-
teria and algae (living and dead), biomolecules (DNA, phospholipids), P-
containing synthetic organic chemicals, and P-containing natural
organic matter (Ged and Boyer, 2013). In the marine P cycle, dissolved
inorganic P (DIP), particulate inorganic P (PIP), and organic P (DOP and
POP) are the main P pools (Nausch et al., 2018). For example, DOP
concentrations are reported to range between 0.006 and 0.054 mg/L in
ocean surface waters (Karl and Bjorkman, 2015), but can be elevated in
coastal waters, as reported by (Lin et al., 2012) for the St. Louis estuary
(Gulf of Mexico), where DOP concentrations ranged from 0.016 to
0.067 mg/L. Coastal brackish water can contain greater concentrations
of DOP due to interactions with freshwater sources from urban
discharge.

5. Components of aqueous matrices that influence the chemistry
of P removal

Table 4 lists key components in the aqueous matrices that are rele-
vant to P removal via phosphate precipitation and adsorption. Each
component is classified as having a minor, moderate, or major impact on
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Table 4

Key components in aqueous matrices that influence the chemistry of P removal.

Component

Relevant matrix

Impact on P removal

Temperature

Turbidity

pH

Alkalinity

Monovalent anions

Monovalent cations

Multivalent anions

Multivalent cations

All

Agricultural surface runoff,
stormwater runoff,
untreated domestic
wastewater

All

All

All

All

Groundwater, landfill
leachate, stored human
urine

Agricultural tile drainage,
anaerobic digester centrate,
groundwater, landfill
leachate, seawater, stored
human urine

Temperature influences the
rate of precipitation,
adsorption, and other
processes.

Moderate impact on
precipitation and
adsorption.

Turbidity can act as seed for
precipitation; may foul
surfaces and adsorption
columns; may contain P
associated with solid
phases. Moderate impact
on precipitation and minor
impact on adsorption.

pH controls the speciation
of phosphate and other
weak acids; impacts surface
charge, and thus adsorption
processes and the
aggregation of particles.
Major impact on
precipitation and
adsorption.

Alkalinity buffers changes
in pH.

Moderate impact on
precipitation and
adsorption.

Chloride (Cl7) and nitrate
(NO3) can compete with
phosphate for adsorption
sites; adsorption of ions
impact surface charge and
thus adsorption of other
ions; contributes to ionic
strength, which impacts
precipitation equilibrium.
Minor impact on
precipitation and
adsorption.

Sodium (Na*) and
potassium (K") usually have
minimal impacts on
phosphate precipitation and
adsorption; Na™ and K* can
precipitate with phosphate
under certain conditions;
ammonium (NHj) behaves
as a monovalent cation and
is key species in struvite
precipitation.

Minor impact on
precipitation and
adsorption.

Sulfate (SO3) can compete
with phosphate for
adsorption sites and
precipitate with multivalent
cations.

Major impact on
precipitation and
adsorption.

Calcium (Ca®"), magnesium
(Mg?h), iron (Fe?*/3*), and
aluminum (AI**) are
common in many aqueous
matrices and precipitate
with phosphate. Less
common metals, such as
cerium (Ce®") and
lanthanum (La®"), also
precipitate with phosphate.
Major impact on

Table 4 (continued)

Chemosphere 367 (2024) 143648

Component

Relevant matrix

Impact on P removal

Nonionic species

Tonic strength

Dissolved organic
matter (DOM) and
organic chemicals

Landfill leachate, untreated
domestic wastewater, stored
human urine

Anaerobic digester centrate,
groundwater, landfill
leachate, seawater, stored
human urine

Agricultural tile drainage,
anaerobic digester centrate,
constructed wetland,
landfill leachate, surface
water, untreated domestic
wastewater

precipitation and minor
impact on adsorption.
Ammonia, urea, silica, etc.
typically have minimal
impact on adsorption and
precipitation.

Minor impact on
precipitation and
adsorption.

Tonic strength influences the
behavior of charged species
in solution; impacts the
aggregation of particles.
Moderate impact on
precipitation and
adsorption.

Dissolved organic matter
can complex multivalent
ions and inhibit
precipitation; can compete
with phosphate for
adsorption sites; can

contain organic P. Organic
chemicals can influence
phosphate precipitation and
adsorption similar to DOM.
Major impact on
precipitation and
adsorption.

P removal to highlight its importance in the aqueous matrix. A compo-
nent with a minor impact has <10% change in P removal, whereas a
component with a major impact can have >50% change in P removal.
Temperature and turbidity represent physical characteristics of water
and can be an important consideration if a specific real-world condition
is intended to be simulated. Most laboratory experiments on phosphate
precipitation or adsorption are conducted at laboratory temperature.
For most precipitation and adsorption processes, increasing temperature
increases the rate of reaction.

Aqueous matrices such as wastewater, surface water, and runoff can
have high turbidity, which include inorganic, organic, and biological
particles suspended in the water. These particles can act as seed for
heterogeneous nucleation during phosphate precipitation. Turbidity
does not have a direct impact on phosphate removal by adsorption but
can foul surfaces and disrupt experimental approaches such as packed
beds. Including turbidity in test waters can be important for precipita-
tion experiments, especially for mimicking aqueous matrices such as
stormwater runoff and agricultural surface runoff for which turbidity is
a key component. It is also important to recognize that turbidity can
contain P, which can be difficult to recover and potentially impact
measurement of P.

pH and alkalinity represent bulk chemical characteristics of water.
pH is considered a master variable that controls water chemistry,
including protonation/deprotonation of phosphate and other weak
acids, and thereby the concentration of species impacting both precip-
itation and adsorption processes. Typically, the impact of pH can be
modeled using chemical equilibrium software, such as PHREEQC (USGS,
2021) or Visual MINTEQ (Gustafsson, 2021). Additionally, pH affects
the protonation of surfaces, strongly influencing electrostatic in-
teractions that contribute to adsorption phenomena (Dzombak and
Morel, 1991). A related parameter is alkalinity, which in environmen-
tally relevant waters is typically derived from the presence of carbonic
acid, dissolved organic matter, or other weak acids, and represents the
ability of a water to resist changes in pH. The choice of buffer is
important for replicating environmental or biological conditions (see
section 6). Controlling pH is critical for testing materials and strategies
for P removal. Measuring pH before and after precipitation and
adsorption experiments is essential, because P is in equilibrium with
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anionic chemical species and surface sites based upon the final solution
pH at the end of the experiment.

The presence of ions in solution also influences P removal. Common
monovalent ions include sodium, potassium, ammonium, bicarbonate,
and chloride, which typically do not compete directly for adsorption
sites with phosphate. Some anions (e.g., nitrate, fluoride) can result in
competitive adsorption depending on the material. More commonly,
multivalent anions such as sulfate, arsenate, selenate, and vanadate may
compete with phosphate for binding sites (Blaney et al., 2007). Addi-
tionally, the adsorption of monovalent and multivalent ions can influ-
ence the charging of surfaces, impacting the electrostatics of adsorption
in a manner similar to pH. In situations where the ions are associated
with low solubility phases, the ions may also induce precipitation of
phosphate. For example, ammonium, which is present in urine and
commercial fertilizers, is directly involved in the precipitation of stru-
vite. Multivalent cations, such as calcium, iron, aluminum, and mag-
nesium, may induce precipitation of phosphate as a variety of low
solubility phases (cf. Table 1). Potentially toxic ions (e.g., C02+, CrO%’),
even in low concentrations that do not significantly impact P precipi-
tation or adsorption, may restrict the use of recovered P products.

It is worth noting that the presence of monovalent and multivalent
ions increases the ionic strength (IS). Except in the most concentrated
solutions, ionic strength reduces the activity (effective concentrations)
of charged species by relationships that can be calculated or approxi-
mated by the Debye-Huckel or Davies equations (Stumm and Morgan,
1996). High ionic strength can also promote the aggregation of particles
by screening of the charge between particles and the precipitation of
organic compounds, often referred to as “salting out.” Ionic strength of
model solutions can be calculated (IS = 0.5 = C;Z?) based upon the molar
concentration (C;) and ionic charge (Z;) of each species in solution, while
in real samples or complex matrices conductivity (mS/cm) or total dis-
solved solids (TDS, mg/L) are often measured and used to estimate ionic
strength. Various equations and estimates exist for converting among
ionic strength, conductivity, TDS, and specific ions such as chloride
(McCleskey, 2011).

A final important component of aqueous matrices is natural organic
matter (NOM) or dissolved organic matter (DOM), which is the collec-
tion of organic molecules found in solution that range from small ionic
species to large macromolecules derived from the physical, chemical,
and microbiological transformation of organic material (Leenheer and
Croue, 2003; Thurman, 1985). DOM is comprised of carbon (~50%),
oxygen (40%), hydrogen (5%), nitrogen (4%), sulfur (<1%), phosphorus
(<1%) and trace metals, and often analytically measured as dissolved
organic carbon (DOC). DOM can complex multivalent ions, thereby
inhibiting mineral precipitation (Lin et al., 2005b; Sindelar et al.,
2015a). Furthermore, DOM can compete with inorganic anions, such as
phosphate, for adsorption sites on sorbent surfaces (Boyer et al., 2008).
Additionally, DOM can contain organic P that is typically considered
more difficult to remove and can influence measurements of total P (Ged
and Boyer, 2013). DOM is a critical component that can affect most
capture and recovery strategies for P. It is important to note that the
composition and chemistry of DOM changes greatly depending on its
source, and thus it is critical to use compounds that match the matrix the
experiment is simulating (Chin et al., 1994; Leenheer et al., 2003;
Ritchie and Perdue, 2003; Weishaar et al., 2003). For example, DOM in
eutrophic surface water or treated wastewater is representative of
aquatic DOM that is microbially derived, whereas DOM in landfill
leachate or agricultural tile drainage is representative of terrestrial DOM
based on lignin. Organic chemicals can be used as a surrogate for DOM
(see section 6) and can occur from natural (e.g., microbiological pro-
cesses, human metabolism) and anthropogenic (e.g., household chem-
icals, corrosion inhibitors used in industry or drinking water systems)
sources. Organic chemicals, such as organic acids and surfactants, can
have many of the same impacts on phosphate precipitation and
adsorption as DOM.
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6. Guidelines for developing aqueous matrices for testing new
materials for P removal and recovery

Table 5 shows recipes for developing several synthetic aqueous
matrices that can be used for testing new materials for P removal and
recovery. The recipes follow from the study framework (see section 3
and Fig. 3), which highlights the information that can be obtained from
different matrices. Specifically, components were selected from Table 4
that had moderate to major impact on P removal by precipitation or
adsorption. The concentration of each component was determined by
reviewing the relevant literature and considering aqueous chemistry
principles. The following discussion provides additional context for the
synthetic aqueous matrices and guidance on how the recipes can be
adjusted.

The pH buffer solution is the simplest matrix and useful for screening
new materials for P recovery. The pH buffer solution contains a higher
phosphate concentration (10 mg/L P) than typically observed in natural
waters to allow for easier phosphate measurements. A predetermined
buffer (see below) is used to maintain the desired pH. Use of buffer so-
lutions is common when investigating new materials (i.e., precipitants
or adsorbents) to evaluate the effects of P concentration and pH. Ideal
buffer solutions should be chemically inert with respect to phosphate.
Common buffers that may be useful for phosphate precipitation and
adsorption studies include acetate (pH 3.6 to 5.6), citrate (pH 3.0 to 6.2),
or carbonate (pH 9.2 to 10.6) (Dawson et al., 1989). A limitation of some
organic buffers (e.g., acetate, citrate) is that they can be consumed
biologically, which decreases the buffer capacity and encourages mi-
crobial growth. For more complex mixtures, such as pH-buffered water
samples simulating the presence of dissolved biological materials,
microorganism(s), or experiments involving biomaterials, it is recom-
mended to utilize one of Good’s buffers (Good et al., 1966; Porterfield
et al., 2009). A comprehensive list of Good’s buffers, including pK, and
molecular weight, is shown in electronic Supplementary Material
Table S1. These buffers are valid for a pH range of 2.0-11.0 (at 25 °C)
and were designed for biochemistry experimentation, with a particular
focus on affinity testing of proteins, peptides, nucleotides, and other
biomolecules. Some organic molecules (e.g., zwitterionic molecules) are
known to interact with ions in solution, including phosphate (Alves
et al., 2007). For this reason, zwitterionic buffers shown in Table S1
should be avoided unless the interaction with phosphate and the sorbent
has been characterized or data are available.

The synthetic groundwater and surface water solutions offer more
realistic matrices than a buffer solution, and the opportunity to probe
specific interactions. The synthetic groundwater and surface water
contain a realistic phosphate concentration (1 mg/L P), and additional
components for pH buffering, ionic composition, and organic composi-
tion. For example, the synthetic groundwater contains sodium bicar-
bonate for alkalinity/pH buffering, sodium chloride for background
ionic strength, and calcium chloride for divalent cation interactions.
Sodium and chloride ions are not expected to directly impact experi-
ments on phosphate precipitation or adsorption, whereas the calcium
may interact with phosphate through precipitation in solution or on
adsorbent surfaces. The calcium can be removed from the synthetic
groundwater recipe if there is a concern about its interactions, or
additional metal cations such as magnesium, iron, or lanthanum can be
added to the solution to simulate other aqueous environments. The
purpose of the synthetic groundwater is to provide an aqueous matrix
that is more relevant than the buffer solution by considering interactions
between phosphate and multivalent metal cations such as calcium,
which can impact both phosphate precipitation and adsorption mecha-
nisms. To support the relevance of the synthetic groundwater, previous
studies show similar phosphate precipitation trends in real groundwater
(McCobb et al., 2009) and synthetic groundwater (Baker et al., 1998).

The synthetic surface water includes monovalent and divalent anions
and one or more sources of DOM. Sulfate has the potential to interact
with metals added for phosphate precipitation and compete with
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Table 5

Standard recipes for aqueous solutions for testing new materials for P removal and recovery.
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Component Buffer Groundwater Surface water Anaerobic Digestate Stored human urine
Phosphate 10.1 mg/L P (0.325 1 mg/L P (0.0325 1 mg/L P (0.0325 mM) 101 mg/L P (3.25 mM) 421 mg/L P (13.6 mM)
mM) mM) 3.899 mg/L NaH,PO4 389.94 mg/L NaH;PO4 1631.7 mg/L NaH,PO4
38.994 mg/L 3.899 mg/L
NaH,PO4 NaH,PO4
pH 2.0-11.0 8.0 8.0 7.5 9.0"
Alkalinity See Table S1 0.1 M HCO3 0.1 M HCO3 1 M HCO3 0.25 M HCO3
8.4007 g/L.NaHCO;  8.4007 g/L NaHCOs 84.007 g/L NaHCO; 19.764 g/L NH4HCO;
Inorganic ions 11.5mg/L Cl™ 70.9 mg/L Cl™ (2 70.9 mg/L Cl~ (2 mM) 1595 mg/L Cl~ (45 3545 mg/L Cl~ (100 mM)
(0.325 mM) mM) 96.1 mg/L SO~ (1 mM) mM) 1441 mg/L SO3~ (15 mM)

18.993 mg/L NaCl

40.1 mg/L Ca®" (1
mM)

116.88 mg/L NaCl
142.04 mg/L NaySO,

96.1 mg/L SO3~ (1 mM)
39.1 mg/L K* (1 mM)

1564 mg/L K" (40 mM)
3.5064 g/L NaCl

147.02 mg/L
CaCly-2H,0

Dissolved organic matter and/or None None
organic chemicals

DOM isolate”:
10-20 mg/L DOM to achieve
5-10 mg/L C

720 mg/L NH; (40 2.1306 g/L NaSO4
mM) 2.9821 g/L KCl
0.2338 g/L NaCl
0.142 g/L NaxSO4
0.0746 g/L KCl
2.1396 g/L NH,Cl
Short-chain volatile
fatty acids:

Organic metabolites”:
14.7 mM Creatinine,

93.8 mg/L Acetic acid, 3.38 mM Hippuric acid,
331 mg/L Propionic 3.0 mM Citric acid,

acid, 1.56 mM Glycine,

27.5 mg/L Butyric Acid ~ 1.34 mM Trimethylamine-
N-oxide,

1.19 mM Taurine,

0.97 mM 1-Cysteine

# Add 15.9 mL/L NH4OH.
b See section 5 for discussion of DOM isolates and surrogates.

¢ Can be added as 1668 mg/L Creatinine, 604.9 mg/L Hippuric acid, 575.0 mg/L Citric acid anhydrous, 117.3 mg/L Glycine, 149.1 mg/L Trimethylamine-N-oxide

dihydrate, 149.4 mg/L Taurine, 117.5 mg/L L-Cysteine.

phosphate for adsorption site (Geelhoed et al., 1997). DOM samples (e.
g., Suwannee River NOM) can be obtained from the International Humic
Substances Society (IHSS) (IHSS, 2024), which provide samples that
have been isolated from environmentally relevant aquatic and terrestrial
environments, are well characterized, and are actively used by re-
searchers with decades of published studies (Boyer et al., 2008; McA-
dams et al.,, 2022; Ritchie and Perdue, 2003; Yang et al., 2023).
Alternative sources of DOM include commercial humic acid extracted
from peat (e.g., Fluka humic acid) or tannic acid, which are low-cost and
easily available; however, are less preferred because they are not
representative of aquatic DOM (Chin et al., 1997; Malcolm and Mac-
Carthy, 1986; Niederer et al., 2007). DOM can also be approximated by
organic chemicals containing aromatic hydrocarbons with carboxylic
acid and/or phenolic groups and aliphatic hydrocarbons containing
carboxylic acid groups (Rahmani and Mohseni, 2017), which can be
useful for isolating specific interactions.

The DOM concentration in surface water is typically in the range of
1-20 mg/L C (Obolensky et al., 2007) with DOM isolates containing
approximately 50% C by weight (IHSS, 2024). As discussed in section 5,
DOM has the potential to inhibit both phosphate precipitation and
adsorption, so synthetic surface water is a logical next step in testing
new materials after completing experiments with buffer solution and
synthetic groundwater. For instance, DOM is known to interact with
calcium during calcite precipitation (Lin et al., 2005a) and influence
Ca-P precipitation (Sindelar et al., 2015a), so both the synthetic
groundwater and synthetic surface water recipes can be altered to
investigate specific interactions. To support the relevance of the syn-
thetic surface water, previous studies include calcium phosphate pre-
cipitation in organic-rich surface water (Sindelar et al., 2015a), and
phosphate precipitation using industrial waste byproducts and phos-
phate adsorption to anion exchange resin in organic-rich surface water
(Boyer et al., 2011).

The synthetic anaerobic digestate and stored human urine solutions
are characterized by higher phosphate concentration (100 and 420 mg/
L P, respectively) than the synthetic groundwater and surface water, and

they provide challenging matrices for testing new materials for P
removal and recovery. The synthetic anaerobic digestate contains
additional inorganic and organic compounds relative to the synthetic
groundwater and surface water. The additional inorganic compounds
include potassium, ammonium, and sulfate. Ammonium, and to a lesser
extent potassium, have the potential to promote phosphate precipitation
in anaerobic digestate solution to form magnesium ammonium phos-
phate (i.e., struvite) and magnesium potassium phosphate (i.e., potas-
sium struvite) (Abel-Denee et al., 2018). Magnesium is often the limiting
constituent for struvite precipitation in solutions like anaerobic diges-
tate that contain high concentrations of phosphate and ammonium.
Precipitation of potassium struvite typically occurs in the absence of
ammonium and requires the addition of magnesium. The presence of
sulfate has the potential to compete with phosphate for adsorption sites,
and sulfate may precipitate with calcium or other cations in solution.
Anaerobic digestate contains many organic compounds and is approxi-
mated here with low molecular weight organic acids that have the po-
tential to influence phosphate precipitation and adsorption processes
(Wei et al., 2019). Additional organic compounds that can be added to
the synthetic anaerobic digestate include P-containing biomolecules and
microbial biomass and extracellular polymeric substances (Zhou et al.,
2019). To support the relevance of the synthetic anaerobic digestate,
previous studies show comparable phosphate adsorption to hybrid anion
exchange resin using real and synthetic sludge digestates (Bottini and
Rizzo, 2012; Guida et al., 2021; O’Neal and Boyer, 2013).

The synthetic stored human urine shares similarities with the syn-
thetic anaerobic digestate with multiple components including mono-
valent and divalent ions and optional organic metabolites. A key
difference between human urine and anaerobic digestate is the higher
pH (i.e., pH 9 vs. pH 7.5), which makes phosphate precipitation more
thermodynamically favorable, especially with the addition of divalent
metal cations (Darn et al., 2006). Human urine also has a higher con-
centration of ammonium and inorganic ions. The high concentration of
ammonium in human urine, in combination with high pH, results in
favorable conditions for struvite precipitation (Ronteltap et al., 2007),
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although precipitation of other phosphate minerals is possible
(Wilsenach et al., 2007; Xu et al., 2011). The high concentrations of
chloride and sulfate provide challenging conditions for testing phos-
phate adsorption due to competitive adsorption. Numerous organic
metabolites have been identified in urine (Bouatra et al., 2013; Putnam,
1971), with the most prevalent and highest concentration metabolites
included in the recipe for synthetic urine. The inclusion of organic me-
tabolites can be used to evaluate inhibition of phosphate precipitation or
competition with adsorption sites (Jagtap and Boyer, 2018). Variations
on the composition of stored human urine include fresh human urine
where all nitrogen is as urea instead of ammonia/ammonium (Ray et al.,
2018) and partially nitrified human urine where 50% of the ammonia is
transformed to nitrate (Udert and Wachter, 2012). Given the complex-
ities of anaerobic digestate and stored human urine, their composition
can be simplified to eliminate interfering processes and study specific
interactions. To support the relevance of the synthetic human urine,
previous studies show comparable phosphate precipitation in real and
synthetic urine (Jagtap and Boyer, 2018), and comparable phosphate
adsorption in real and synthetic urine (Guan et al., 2020).

A complementary approach to preparing synthetic aqueous matrices
is to use real waters and waste streams. The challenge, however, is that
real solutions are complex and can vary over time and with location,
which makes it difficult to understand how each matrix component in-
fluences P removal. In the study framework proposed here (see section 3
and Fig. 3), the approach is to test new materials in well-defined
matrices, such as those listed in Table 5, and then test new materials
in complex, real-world samples such as domestic wastewater effluent,
human urine, and swine manure effluent. For example, within the urine
research community, it is recognized that both synthetic and real urine
solutions are valuable for testing new materials and processes (Simha
et al., 2024). When using real solutions, the following methodology can
help provide useful insights into P interactions. First, filtering the so-
lution with a 0.45 pm membrane filter can remove most particles.
Comparing a filtered to non-filtered solution will reveal possible influ-
ence of DP and PP components on P removal. Second, sterilizing the
solution (e.g., autoclave), shows P removal in the absence of biological
activity; however, the high temperatures during autoclaving can also
change solution chemistry (e.g., encourage precipitation). Third, P
concentrations in the absence of adsorbents (i.e., negative control) need
to be included to determine background P removals that may occur
biologically or chemically. Finally, if P concentrations are highly vari-
able, matrix spikes using phosphate salts can be added to provide
improved consistency across tests. If real water matrices are used in
experiments, it is essential that the components listed in Table 5 be
analytically measured to permit benchmarking with other studies. The
synthetic aqueous matrices and the complementary real aqueous sam-
ples described in this section are expected to provide uniformity in
phosphate precipitation and adsorption studies and advance the devel-
opment and testing of new materials. This is analogous to what
happened with arsenic adsorption studies that evaluated new materials
using a standard test water (Hristovski et al., 2008; lesan et al., 2008;
Medpelli et al., 2015).

7. Conclusion

Many approaches to P removal and recovery use synthetic aqueous
matrices that lack consistency and applicability to real aqueous envi-
ronments. This paper presents a framework for evaluating new materials
for P removal in real-world water via phosphate precipitation and
phosphate adsorption. Precipitation and adsorption are the focus of this
study because both processes can effectively remove phosphate from
water and have the potential to recover phosphate in valuable forms.
The performance of phosphate precipitation and phosphate adsorption
in laboratory studies often does not translate to real aqueous environ-
ments, because the simple aqueous matrices used for testing lack the
interactions with P or adsorbent surfaces. Accordingly, this paper
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proposes a framework that identifies aqueous matrices relevant to P
recovery, key components in the aqueous matrices having the greatest
influence on P removal, and recipes for aqueous solutions for testing
novel materials.

The framework provides a systematic approach for screening new
materials in buffer solutions, followed by synthetic groundwater and
synthetic surface water to elucidate interactions between the new ma-
terial, phosphate, and the aqueous matrix. Additional testing of new
materials can be conducted using synthetic anaerobic digestate and
synthetic stored human urine, which include monovalent and divalent
inorganic compounds and organic compounds that provide for many
different interactions with phosphate. At any stage of research, the
synthetic aqueous matrices can be modified to probe specific in-
teractions related to phosphate precipitation or adsorption.

As a main concern with using synthetic aqueous matrices is their
applicability to real aqueous environments, using real matrices (e.g.,
domestic wastewater effluent, human urine, swine manure effluent) is
essential when evaluating new materials. Characterizating the matrix (e.
g., pH, TDS, turbidity, competing anions, DOM) is essential for bench-
marking P removal with other studies. The challenge then becomes
balancing the benefits of using a known composition and controlled
conditions of synthetic aqueous matrices with the applicability of real
aqueous samples are difficult to fully characterize.

CRediT authorship contribution statement

Treavor H. Boyer: Writing — original draft, Conceptualization.
Emily Briese: Writing — original draft. Lucas Crane: Writing — original
draft. Jehangir Bhadha: Writing - review & editing, Conceptualization.
Douglas F. Call: Writing — original draft, Conceptualization. Eric S.
McLamore: Writing — original draft, Conceptualization. Bruce Ritt-
mann: Writing - original draft, Conceptualization. Shea Tuberty:
Writing — review & editing, Conceptualization. Paul Westerhoff:
Writing - original draft, Conceptualization. Owen W. Duckworth:
Writing — original draft, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the Science and Technologies for
Phosphorus Sustainability (STEPS) Center, a National Science Founda-
tion Science and Technology Center (CBET-2019435). Any opinions,
findings, and conclusions or recommendations expressed in these ma-
terials are those of the authors and do not necessarily reflect those of the
NSF. OWD was supported by the USDA National Institute of Food and
Agriculture, Hatch projects NC02713 and NC02951.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2024.143648.

Data availability
Data will be made available on request.

References

Abel-Denee, M., Abbott, T., Eskicioglu, C., 2018. Using mass struvite precipitation to
remove recalcitrant nutrients and micropollutants from anaerobic digestion
dewatering centrate. Water Res. 132, 292-300.


https://doi.org/10.1016/j.chemosphere.2024.143648
https://doi.org/10.1016/j.chemosphere.2024.143648
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref1
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref1
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref1

T.H. Boyer et al.

Almanassra, I.W., McKay, G., Kochkodan, V., Ali Atieh, M., Al-Ansari, T., 2021. A state of
the art review on phosphate removal from water by biochars. Chem. Eng. J. 409,
128211.

Alves, S., Woods, A., Tabet, J.C., 2007. Charge state effect on the zwitterion influence on
stability of non-covalent interaction of single-stranded DNA with peptides. J. Mass
Spectrom. 42 (12), 1613-1622.

Babcock-Jackson, L., Konovalova, T., Krogman, J.P., Bird, R., Diaz, L.L., 2023.
Sustainable fertilizers: publication landscape on wastes as nutrient sources,
wastewater treatment processes for nutrient recovery, biorefineries, and green
ammonia synthesis. J. Agric. Food Chem. 71 (22), 8265-8296.

Baker, J., Schunk, N., Scholz, M., Merck, A., Muenich, R.L., Westerhoff, P., Elser, J.J.,
Duckworth, O.W., Gatiboni, L., Islam, M., Marshall, A.-M., Sozzani, R., Mayer, B.K.,
2024. Global-to-Local dependencies in phosphorus mass flows and markets:
pathways to improving system resiliency in response to exogenous shocks. Environ.
Sci. Technol. Lett. 11 (6), 493-502.

Baker, M.J., Blowes, D.W., Ptacek, C.J., 1998. Laboratory development of permeable
reactive mixtures for the removal of phosphorus from onsite wastewater disposal
systems. Environ. Sci. Technol. 32 (15), 2308-2316.

Blaney, L.M., Cinar, S., SenGupta, A.K., 2007. Hybrid anion exchanger for trace
phosphate removal from water and wastewater. Water Res. 41 (7), 1603-1613.
Bottini, A., Rizzo, L., 2012. Phosphorus recovery from urban wastewater treatment plant

sludge liquor by ion exchange. Separ. Sci. Technol. 47 (4), 613-620.

Bouatra, S., Aziat, F., Mandal, R., Guo, A.C., Wilson, M.R., Knox, C., Bjorndahl, T.C.,
Krishnamurthy, R., Saleem, F., Liu, P., Dame, Z.T., Poelzer, J., Huynh, J., Yallou, F.
S., Psychogios, N., Dong, E., Bogumil, R., Roehring, C., Wishart, D.S., 2013. The
human urine metabolome. PLoS One 8 (9).

Boyer, T.H., Persaud, A., Banerjee, P., Palomino, P., 2011. Comparison of low-cost and
engineered materials for phosphorus removal from organic-rich surface water. Water
Res. 45, 4803-4814.

Boyer, T.H., Singer, P.C., Aiken, G.R., 2008. Removal of dissolved organic matter by
anion exchange: effect of dissolved organic matter properties. Environ. Sci. Technol.
42 (19), 7431-7437.

Brezonik, P., Arnold, W., 2011. Water Chemistry: an Introduction to the Chemistry of
Natural and Engineered Aquatic Systems. OUP, USA.

Cao, X., Harris, W., 2008. Carbonate and magnesium interactive effect on calcium
phosphate precipitation. Environ. Sci. Technol. 42 (2), 436-442.

Castaldi, P., Silvetti, M., Garau, G., Deiana, S., 2010. Influence of the pH on the
accumulation of phosphate by red mud (a bauxite ore processing waste). J. Hazard
Mater. 182 (1), 266-272.

Cheng, X., Huang, X., Wang, X., Zhao, B., Chen, A., Sun, D., 2009. Phosphate adsorption
from sewage sludge filtrate using zinc—aluminum layered double hydroxides.

J. Hazard Mater. 169 (1), 958-964.

Chin, Y.-P., Aiken, G.R., Danielsen, K.M., 1997. Binding of pyrene to aquatic and
commercial humic substances: the role of molecular weight and aromaticity.
Environ. Sci. Technol. 31 (6), 1630-1635.

Chin, Y.P., Aiken, G., Oloughlin, E., 1994. Molecular-weight, polydispersity, and
spectroscopic properties of aquatic humic substances. Environ. Sci. Technol. 28 (11),
1853-1858.

Cordell, D., Drangert, J.-O., White, S., 2009. The story of phosphorus: global food
security and food for thought. Global Environ. Change 19 (2), 292-305.

Darn, S.M., Sodi, R., Ranganath, L.R., Roberts, N.B., Duffield, J.R., 2006. Experimental
and computer modelling speciation studies of the effect of pH and phosphate on the
precipitation of calcium and magnesium salts in urine. Clin. Chem. Lab. Med. 44 (2),
185-191.

Davis, M.L., 2020. Water and Wastewater Engineering: Design Principles and Practice,
second ed. McGraw-Hill.

Dawson, R.M.C., Elliott, D.C., Elliott, W.H., Jones, K.M., 1989. Data for Biochemical
Research, third ed. Clarendon Press.

Deng, L., Dhar, B.R., 2023. Phosphorus recovery from wastewater via calcium phosphate
precipitation: a critical review of methods, progress, and insights. Chemosphere 330,
138685.

Du, M., Zhang, Y., Wang, Z., Lv, M., Tang, A., Yu, Y., Qu, X., Chen, Z., Wen, Q., Li, A.,
2022. Insight into the synthesis and adsorption mechanism of adsorbents for efficient
phosphate removal: exploration from synthesis to modification. Chem. Eng. J. 442,
136147.

Dzombak, D.A., Morel, F.M., 1991. Surface Complexation Modeling: Hydrous Ferric
Oxide. John Wiley & Sons.

Eaton, A.D., Clesceri, L.S., Rice, E.W., Greenberg, A.E. (Eds.), 2005. Standard Methods
for the Examination of Water and Wastewater. APHA, AWWA, WEF.

El Wali, M., Golroudbary, S.R., Kraslawski, A., 2021. Circular economy for phosphorus
supply chain and its impact on social sustainable development goals. Sci. Total
Environ. 777, 146060.

Elzinga, E.J., Sparks, D.L., 2007. Phosphate adsorption onto hematite: an in situ ATR-
FTIR investigation of the effects of pH and loading level on the mode of phosphate
surface complexation. J. Colloid Interface Sci. 308 (1), 53-70.

Farhangi, M.B., Ghasemzadeh, Z., Ghorbanzadeh, N., Khalilirad, M., Unc, A., 2021.
Phosphate removal from landfill leachate using ferric iron bioremediation under
anaerobic condition. J. Mater. Cycles Waste Manag. 23 (4), 1576-1587.

Ferraro, A., de Sario, S., Attanasio, A., Di Capua, F., Gorgoglione, A., Fratino, U.,
Mascolo, M.C., Pirozzi, F., Trancone, G., Spasiano, D., 2023. Phosphorus recovery as
struvite and hydroxyapatite from the liquid fraction of municipal sewage sludge with
limited magnesium addition. J. Environ. Qual. 52 (3), 584-595.

Field, H.R., Whitaker, A.H., Henson, J.A., Duckworth, O.W., 2019. Sorption of copper
and phosphate to diverse biogenic iron (oxyhydr)oxide deposits. Sci. Total Environ.
697, 134111.

11

Chemosphere 367 (2024) 143648

Ged, E.C., Boyer, T.H., 2013. Molecular weight distribution of phosphorus fraction of
aquatic dissolved organic matter. Chemosphere 91 (7), 921-927.

Geelhoed, J.S., Hiemstra, T., Van Riemsdijk, W.H., 1997. Phosphate and sulfate
adsorption on goethite: single anion and competitive adsorption. Geochem.
Cosmochim. Acta 61 (12), 2389-2396.

Gifford, M., Liu, J., Rittmann, B.E., Vannela, R., Westerhoff, P., 2015. Phosphorus
recovery from microbial biofuel residual using microwave peroxide digestion and
anion exchange. Water Res. 70 (0), 130-137.

Goedhart, R., Miiller, S., van Loosdrecht, M.C.M., van Halem, D., 2022. Vivianite
precipitation for iron recovery from anaerobic groundwater. Water Res. 217,
118345.

Golubev, S.V., Pokrovsky, O.S., Savenko, V.S., 2001. Homogeneous precipitation of
magnesium phosphates from seawater solutions. J. Cryst. Growth 223 (4), 550-556.

Good, N.E., Winget, G.D., Winter, W., Connolly, T.N., Izawa, S., Singh, R.M.M., 1966.
Hydrogen ion buffers for biological research. Biochemistry 5 (2), 467-477.

Gregory, J., Dhond, R.V., 1972. Anion exchange equilibria involving phosphate,
sulphate, and chloride. Water Res. 6, 695-702.

Griffith, D.P., Musher, D.M., Itin, C., 1976. Urease - primary cause of infection-induced
urinary stones. Invest. Urol. 13 (5), 346-350.

Guan, Q., Li, Y., Zhong, Y., Liu, W., Zhang, J., Yu, X., Ou, R., Zeng, G., 2023. A review of
struvite crystallization for nutrient source recovery from wastewater. J. Environ.
Manag. 344, 118383.

Guan, T., Kuang, Y., Li, X., Fang, J., Fang, W., Wu, D., 2020. The recovery of phosphorus
from source-separated urine by repeatedly useable magnetic Fe304@ZrO2
nanoparticles under acidic conditions. Environ. Int. 134, 105322.

Guida, S., Rubertelli, G., Jefferson, B., Soares, A., 2021. Demonstration of ion exchange
technology for phosphorus removal and recovery from municipal wastewater. Chem.
Eng. J. 420, 129913.

Gustafsson, J.P., 2021. Visual MINTEQ, version 4.0.

Haghseresht, F., Wang, S., Do, D.D., 2009. A novel lanthanum-modified bentonite,
Phoslock, for phosphate removal from wastewaters. Appl. Clay Sci. 46 (4), 369-375.

Havlin, J.L., Schlegel, A.J., 2021. Review of phosphite as a plant nutrient and fungicide.
Soil Systems 5 (3), 52.

He, Z.L., Zhang, M.K., Stoffella, P.J., Yang, X.E., Banks, D.J., 2006. Phosphorus
concentrations and loads in runoff water under crop production. Soil Sci. Soc. Am. J.
70 (5), 1807-1816.

Hem, J.D., 1985. Study and Interpretation of the Chemical Characteristics of Natural
Water, U.S. Geological Survey Water-Supply Paper No. 2254, third ed.

Hristovski, K., Westerhoff, P., Moller, T., Sylvester, P., Condit, W., Mash, H., 2008.
Simultaneous removal of perchlorate and arsenate by ion-exchange media modified
with nanostructured iron (hydr)oxide. J. Hazard Mater. 152 (1), 397-406.

Hristovski, K.D., Markovski, J., 2017. Engineering metal (hydr)oxide sorbents for
removal of arsenate and similar weak-acid oxyanion contaminants: a critical review
with emphasis on factors governing sorption processes. Sci. Total Environ. 598,
258-271.

Hussein, F.B., Cannon, A.H., Hutchison, J.M., Gorman, C.B., Yingling, Y.G., Mayer, B.K.,
2024. Phosphate-binding protein-loaded iron oxide particles: adsorption
performance for phosphorus removal and recovery from water. Environmental
Science: Water Research & Technology 10 (5), 1219-1232.

Iesan, C.M., Capat, C., Ruta, F., Udrea, 1., 2008. Evaluation of a novel hybrid inorganic/
organic polymer type material in the Arsenic removal process from drinking water.
Water Res. 42 (16), 4327-4333.

THSS, 2024. THSS | natural organic matter research [website]. https://humic-substances.
org/#reference. (Accessed 7 February 2024).

Jacobs, B., Cordell, D., Chin, J., Rowe, H., 2017. Towards phosphorus sustainability in
North America: a model for transformational change. Environ. Sci. Pol. 77, 151-159.

Jagtap, N., Boyer, T.H., 2018. Integrated, multi-process approach to total nutrient
recovery from stored urine. Environmental Science: Water Research & Technology 4
(10), 1639-1650.

Jones, J.L., Yingling, Y.G., Reaney, .M., Westerhoff, P., 2020. Materials matter in
phosphorus sustainability. MRS Bull. 45 (1), 7-10.

Kajjumba, G.W., Marti, E.J., 2022. A review of the application of cerium and lanthanum
in phosphorus removal during wastewater treatment: characteristics, mechanism,
and recovery. Chemosphere 309, 136462.

Karl, D.M., Bjorkman, K.M., 2015. In: Hansell, D.A., Carlson, C.A. (Eds.),
Biogeochemistry of Marine Dissolved Organic Matter, second ed. Academic Press,
Boston, pp. 233-334.

Kelechava, B., 2022. NSF/ANSI drinking water treatment standards [website]. https
://blog.ansi.org/nsf-ansi-drinking-water-treatment-standards/. (Accessed 7 July
2024).

Khanzada, Z.T., 2020. Phosphorus removal from landfill leachate by microalgae.
Biotechnology Reports 25, e00419.

Kohler, E.A., Poole, V.L., Reicher, Z.J., Turco, R.F., 2004. Nutrient, metal, and pesticide
removal during storm and nonstorm events by a constructed wetland on an urban
golf course. Ecol. Eng. 23 (4), 285-298.

Kunhikrishnan, A., Rahman, M.A., Lamb, D., Bolan, N.S., Saggar, S., Surapaneni, A.,
Chen, C., 2022. Rare earth elements (REE) for the removal and recovery of
phosphorus: a review. Chemosphere 286, 131661.

Lalley, J., Han, C., Mohan, G.R., Dionysiou, D.D., Speth, T.F., Garland, J., Nadagouda, M.
N., 2015. Phosphate removal using modified Bayoxide® E33 adsorption media.
Environmental Science: Water Research & Technology 1 (1), 96-107.

Larsen, T.A., Riechmann, M.E., Udert, K.M., 2021. State of the art of urine treatment
technologies: a critical review. Water Res. X 13, 100114.

Leenheer, J.A., Croue, J.P., 2003. Characterizing aquatic dissolved organic matter.
Environ. Sci. Technol. 37 (1), 18a-26a.


http://refhub.elsevier.com/S0045-6535(24)02548-7/sref2
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref2
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref2
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref3
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref3
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref3
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref4
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref4
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref4
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref4
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref5
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref5
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref5
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref5
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref5
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref6
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref6
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref6
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref7
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref7
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref8
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref8
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref9
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref9
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref9
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref9
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref10
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref10
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref10
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref11
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref11
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref11
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref12
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref12
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref13
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref13
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref14
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref14
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref14
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref15
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref15
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref15
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref16
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref16
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref16
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref17
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref17
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref17
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref18
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref18
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref19
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref19
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref19
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref19
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref20
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref20
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref21
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref21
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref22
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref22
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref22
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref23
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref23
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref23
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref23
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref24
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref24
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref25
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref25
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref26
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref26
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref26
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref27
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref27
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref27
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref28
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref28
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref28
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref29
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref29
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref29
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref29
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref30
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref30
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref30
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref31
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref31
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref32
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref32
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref32
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref33
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref33
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref33
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref34
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref34
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref34
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref35
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref35
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref36
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref36
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref37
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref37
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref38
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref38
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref39
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref39
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref39
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref40
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref40
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref40
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref41
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref41
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref41
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref42
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref43
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref43
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref44
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref44
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref45
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref45
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref45
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref46
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref46
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref47
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref47
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref47
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref48
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref48
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref48
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref48
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref49
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref49
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref49
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref49
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref50
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref50
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref50
https://humic-substances.org/#reference
https://humic-substances.org/#reference
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref52
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref52
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref53
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref53
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref53
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref54
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref54
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref55
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref55
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref55
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref56
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref56
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref56
https://blog.ansi.org/nsf-ansi-drinking-water-treatment-standards/
https://blog.ansi.org/nsf-ansi-drinking-water-treatment-standards/
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref58
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref58
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref59
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref59
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref59
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref60
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref60
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref60
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref61
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref61
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref61
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref62
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref62
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref63
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref63

T.H. Boyer et al.

Leenheer, J.A., Nanny, M.A., McIntyre, C., 2003. Terpenoids as major precursors of
dissolved organic matter in landfill leachates, surface water, and groundwater.
Environ. Sci. Technol. 37 (11), 2323-2331.

Li, B., Udugama, I.A., Mansouri, S.S., Yu, W., Baroutian, S., Gernaey, K.V., Young, B.R.,
2019. An exploration of barriers for commercializing phosphorus recovery
technologies. J. Clean. Prod. 229, 1342-1354.

Liao, W., Xu, R., Stone, A.T., 2021. Adsorption of phosphorus oxyanions at the FeFOOH
(goethite)/Water interface: the importance of basicity. Environ. Sci. Technol. 55
(21), 14389-14396.

Lin, P., Chen, M., Guo, L., 2012. Speciation and transformation of phosphorus and its
mixing behavior in the Bay of St. Louis estuary in the northern Gulf of Mexico.
Geochem. Cosmochim. Acta 87, 283-298.

Lin, Y.-P., Singer, P.C., Aiken, G.R., 2005a. Inhibition of calcite precipitation by natural
organic material: kinetics, mechanism, and thermodynamics. Environ. Sci. Technol.
39 (17), 6420-6428.

Lin, Y.P., Singer, P.C., Aiken, G.R., 2005b. Inhibition of calcite precipitation by natural
organic material: kinetics, mechanism, and thermodynamics. Environ. Sci. Technol.
39 (17), 6420-6428.

Liu, T., Wu, K., Zeng, L., 2012. Removal of phosphorus by a composite metal oxide
adsorbent derived from manganese ore tailings. J. Hazard Mater. 217-218, 29-35.

Liu, T., Zheng, S., Yang, L., 2019. Magnetic zirconium-based metal-organic frameworks
for selective phosphate adsorption from water. J. Colloid Interface Sci. 552,
134-141.

Liu, X., Wang, Y., Smith, R.L., Fu, J., Qi, X., 2021. High-capacity structured MgO-Co
adsorbent for removal of phosphorus from aqueous solutions. Chem. Eng. J. 426,
131381.

Luo, J., Fu, K., Yu, D., Hristovski, K.D., Westerhoff, P., Crittenden, J.C., 2021a. Review of
advances in engineering nanomaterial adsorbents for metal removal and recovery
from water: synthesis and microstructure impacts. ACS ES&T Engineering 1 (4),
623-661.

Luo, J., Yu, D., Hristovski, K.D., Fu, K., Shen, Y., Westerhoff, P., Crittenden, J.C., 2021b.
Critical review of advances in engineering nanomaterial adsorbents for metal
removal and recovery from water: mechanism identification and engineering design.
Environ. Sci. Technol. 55 (8), 4287-4304.

Macintosh, K.A., Mayer, B.K., McDowell, R.W., Powers, S.M., Baker, L.A., Boyer, T.H.,
Rittmann, B.E., 2018. Managing diffuse phosphorus at the source versus at the sink.
Environ. Sci. Technol. 52 (21), 11995-12009.

Mahmoud, M., Liu, Y., Hartmann, H., Stewart, S., Wagener, T., Semmens, D., Stewart, R.,
Gupta, H., Dominguez, D., Dominguez, F., Hulse, D., Letcher, R., Rashleigh, B.,
Smith, C., Street, R., Ticehurst, J., Twery, M., van Delden, H., Waldick, R., White, D.,
Winter, L., 2009. A formal framework for scenario development in support of
environmental decision-making. Environ. Model. Software 24 (7), 798-808.

Malcolm, R.L., MacCarthy, P., 1986. Limitations in the use of commercial humic acids in
water and soil research. Environ. Sci. Technol. 20 (9), 904-911.

Mallin, M.A., Johnson, V.L., Ensign, S.H., 2009. Comparative impacts of stormwater
runoff on water quality of an urban, a suburban, and a rural stream. Environ. Monit.
Assess. 159 (1), 475-491.

Marques, M.R., Loebenberg, R., Almukainzi, M., 2011. Simulated biological fluids with
possible application in dissolution testing. Dissolution Technol. 18 (3), 15-28.

Matusik, J., Bajda, T., Manecki, M., 2008. Immobilization of aqueous cadmium by
addition of phosphates. J. Hazard Mater. 152 (3), 1332-1339.

Mayer, B.K., Baker, L.A., Boyer, T.H., Drechsel, P., Gifford, M., Hanjra, M.A.,
Parameswaran, P., Stoltzfus, J., Westerhoff, P., Rittmann, B.E., 2016. Total value of
phosphorus recovery. Environ. Sci. Technol. 50 (13), 6606-6620.

Mayor, A., Vinardell, S., Ganesan, K., Bacardi, C., Cortina, J.L., Valderrama, C., 2023.
Life-cycle assessment and techno-economic evaluation of the value chain in nutrient
recovery from wastewater treatment plants for agricultural application. Sci. Total
Environ. 892, 164452.

McAdams, B.C., Hudson, J., Arnold, W.A., Chin, Y.-P., 2022. Effects of aquatic dissolved
organic matter redox state on adsorption to goethite. Aquat. Sci. 85 (1), 19.

McCleskey, R.B., 2011. Electrical conductivity of electrolytes found in natural waters
from (5 to 90) °C. J. Chem. Eng. Data 56 (2), 317-327.

McCobb, T.D., LeBlanc, D.R., Massey, A.J., 2009. Monitoring the removal of phosphate
from ground water discharging through a pond-bottom permeable reactive barrier.
Groundwater Monitoring & Remediation 29 (2), 43-55.

Medpelli, D., Sandoval, R., Sherrill, L., Hristovski, K., Seo, D.-K., 2015. Iron oxide-
modified nanoporous geopolymers for arsenic removal from ground water.
Resource-Efficient Technologies 1 (1), 19-27.

Molitor, H.R., Kim, G.-Y., Hartnett, E., Gincley, B., Alam, M.M., Feng, J., Avila, N.M.,
Fisher, A., Hodaei, M., Li, Y., McGraw, K., Cusick, R.D., Bradley, .M., Pinto, A.J.,
Guest, J.S., 2024. Intensive microalgal cultivation and tertiary phosphorus recovery
from wastewaters via the EcoRecover process. Environ. Sci. Technol. 58 (20),
8803-8814.

Mouflih, M., Aklil, A., Sebti, S., 2005. Removal of lead from aqueous solutions by
activated phosphate. J. Hazard Mater. 119 (1), 183-188.

Munch, E.V., Barr, K., 2001. Controlled struvite crystallisation for removing phosphorus
from anaerobic digester sidestreams. Water Res. 35 (1), 151-159.

Nausch, M., Achterberg, E.P., Bach, L.T., Brussaard, C.P.D., Crawfurd, K.J., Fabian, J.,
Riebesell, U., Stuhr, A., Unger, J., Wannicke, N., 2018. Concentrations and uptake of
dissolved organic phosphorus compounds in the baltic sea. Front. Mar. Sci. 5.

Niederer, C., Schwarzenbach, R.P., Goss, K.-U., 2007. Elucidating differences in the
sorption properties of 10 humic and fulvic acids for polar and nonpolar organic
chemicals. Environ. Sci. Technol. 41 (19), 6711-6717.

O’Neal, J.A., Boyer, T.H., 2013. Phosphate recovery using hybrid anion exchange:
applications to source-separated urine and combined wastewater streams. Water
Res. 47 (14), 5003-5017.

12

Chemosphere 367 (2024) 143648

O’Neal, J.A., Boyer, T.H., 2015. Phosphorus recovery from urine and anaerobic digester
filtrate: comparison of adsorption-precipitation with direct precipitation.
Environmental Science: Water Research & Technology 1 (4), 481-492.

Obolensky, A., Singer, P.C., Shukairy, H.M., 2007. Information collection rule data
evaluation and analysis to support impacts on disinfection by-product formation.
Journal of Environmental Engineering-ASCE 133 (1), 53-63.

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D.,
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J.,
Grimshaw, J.M., Hrdbjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E.,
McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A.,
Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ 372, n71.

Pap, S., Kirk, C., Bremner, B., Turk Sekulic, M., Shearer, L., Gibb, S.W., Taggart, M.A.,
2020. Low-cost chitosan-calcite adsorbent development for potential phosphate
removal and recovery from wastewater effluent. Water Res. 173, 115573.

Pasek, M.A., Sampson, J.M., Atlas, Z., 2014. Redox chemistry in the phosphorus
biogeochemical cycle. Proc. Natl. Acad. Sci. USA 111 (43), 15468-15473.

Peng, L., Dai, H., Wu, Y., Peng, Y., Lu, X., 2018. A comprehensive review of phosphorus
recovery from wastewater by crystallization processes. Chemosphere 197, 768-781.

Porterfield, D.M., McLamore, E.S., Banks, M.K., 2009. Microsensor technology for
measuring H+ flux in buffered media. Sensor. Actuator. B Chem. 136 (2), 383-387.

Putnam, D.F., 1971. Composition and Concentrative Properties of Human Urine.
National Aeronautics and Space Administration.

Quimby, O.T., McCune, H.W., 1957. Precipitation of zinc phosphates from solutions of
sodium ortho-, pyro-, and triphosphate. Anal. Chem. 29 (2), 248-253.

Rahimpour Golroudbary, S., El Wali, M., Kraslawski, A., 2020. Rationality of using
phosphorus primary and secondary sources in circular economy: game-theory-based
analysis. Environ. Sci. Pol. 106, 166-176.

Rahmani, S., Mohseni, M., 2017. The role of hydrophobic properties in ion exchange
removal of organic compounds from water. Can. J. Chem. Eng. 95 (8), 1449-1455.

Ray, H., Saetta, D., Boyer, T.H., 2018. Characterization of urea hydrolysis in fresh human
urine and inhibition by chemical addition. Environmental Science: Water Research
& Technology 4 (1), 87-98.

Ritchie, J.D., Perdue, E.M., 2003. Proton-binding study of standard and reference fulvic
acids, humic acids, and natural organic matter. Geochem. Cosmochim. Acta 67 (1),
85-96.

Rittmann, B.E., Mayer, B., Westerhoff, P., Edwards, M., 2011. Capturing the lost
phosphorus. Chemosphere 84 (6), 846-853.

Robb, M., Greenop, B., Goss, Z., Douglas, G., Adeney, J., 2003. Application of
PhoslockTM, an innovative phosphorus binding clay, to two Western Australian
waterways: preliminary findings. Hydrobiologia 494 (1), 237-243.

Ronteltap, M., Maurer, M., Gujer, W., 2007. Struvite precipitation thermodynamics in
source-separated urine. Water Res. 41 (5), 977-984.

Sarvajayakesavalu, S., Lu, Y., Withers, P.J.A., Pavinato, P.S., Pan, G., Chareonsudjai, P.,
2018. Phosphorus recovery: a need for an integrated approach. Ecosys. Health
Sustain. 4 (2), 48-57.

Sengupta, S., Pandit, A., 2011. Selective removal of phosphorus from wastewater
combined with its recovery as a solid-phase fertilizer. Water Res. 45 (11),
3318-3330.

Siciliano, A., Limonti, C., Curcio, G.M., Molinari, R., 2020. Advances in struvite
precipitation technologies for nutrients removal and recovery from aqueous waste
and wastewater. Sustainability 12 (18), 7538.

Simha, P., Courtney, C., Randall, D.G., 2024. An urgent call for using real human urine in
decentralized sanitation research and advancing protocols for preparing synthetic
urine. Front. Environ. Sci. 12.

Sindelar, H.R., Brown, M.T., Boyer, T.H., 2015a. Effects of natural organic matter on
calcium and phosphorus co-precipitation. Chemosphere 138, 218-224.

Sindelar, H.R., Lloyd, J., Brown, M.T., Boyer, T.H., 2016. Transformation of dissolved
organic phosphorus to phosphate using UV/H202. Environ. Prog. Sustain. Energy 35
(3), 680-691.

Sindelar, H.R., Yap, J.N., Boyer, T.H., Brown, M.T., 2015b. Algae scrubbers for
phosphorus removal in impaired waters. Ecol. Eng. 85, 144-158.

Smeets, E., Weterings, R., 1999. Environmental Indicators: Typology and Overview.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, L., Bennett, E.M.,
Biggs, R., Carpenter, S.R., de Vries, W., de Wit, C.A., Folke, C., Gerten, D., Heinke, J.,
Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S., 2015. Planetary
boundaries: guiding human development on a changing planet. Science 347 (6223),
1259855.

Stumm, W., Morgan, J.J., 1996. Aquatic Chemistry. John Wiley & Sons, Inc., New York.

Tan, C., Zhang, T., 2011. Surface runoff and sub-surface drainage phosphorus losses
under regular free drainage and controlled drainage with sub-irrigation systems in
southern Ontario. Can. J. Soil Sci. 91 (3), 349-359.

Thistleton, J., Berry, T.A., Pearce, P., Parsons, S.A., 2002. Mechanisms of chemical
phosphorus removal II: iron (III) salts. Process Saf. Environ. Protect. 80 (5),
265-269.

Thurman, E.M., 1985. Organic Geochemistry of Natural Waters. Martinus Nijhoff/Junk,
Boston, MA.

Udert, K.M., Wéchter, M., 2012. Complete nutrient recovery from source-separated urine
by nitrification and distillation. Water Res. 46 (2), 453-464.

USEPA, 1986. EPA 440/5-86-001 Quality Criteria for Water 1986. U.S. Environmental
Protection Agency, Washington, DC.

USGS, 2021. PHREEQC version 3. https://www.usgs.gov/software/phreeqc-version-3.
(Accessed 7 February 2024).

Wang, Y., Xie, X., Chen, X., Huang, C., Yang, S., 2020. Biochar-loaded Ce3+-enriched
ultra-fine ceria nanoparticles for phosphate adsorption. J. Hazard Mater. 396,
122626.


http://refhub.elsevier.com/S0045-6535(24)02548-7/sref64
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref64
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref64
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref65
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref65
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref65
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref66
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref66
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref66
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref67
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref67
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref67
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref68
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref68
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref68
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref69
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref69
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref69
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref70
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref70
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref71
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref71
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref71
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref72
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref72
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref72
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref73
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref73
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref73
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref73
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref74
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref74
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref74
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref74
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref75
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref75
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref75
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref76
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref76
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref76
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref76
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref76
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref77
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref77
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref78
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref78
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref78
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref79
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref79
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref80
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref80
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref81
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref81
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref81
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref82
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref82
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref82
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref82
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref83
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref83
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref84
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref84
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref85
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref85
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref85
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref86
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref86
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref86
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref87
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref87
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref87
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref87
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref87
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref88
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref88
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref89
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref89
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref90
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref90
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref90
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref91
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref91
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref91
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref92
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref92
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref92
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref93
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref93
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref93
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref94
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref94
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref94
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref95
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref95
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref95
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref95
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref95
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref95
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref96
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref96
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref96
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref97
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref97
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref98
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref98
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref99
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref99
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref100
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref100
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref101
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref101
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref102
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref102
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref102
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref103
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref103
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref104
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref104
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref104
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref105
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref105
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref105
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref106
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref106
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref107
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref107
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref107
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref108
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref108
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref109
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref109
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref109
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref110
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref110
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref110
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref111
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref111
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref111
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref112
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref112
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref112
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref113
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref113
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref114
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref114
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref114
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref115
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref115
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref116
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref117
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref117
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref117
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref117
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref117
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref118
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref119
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref119
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref119
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref120
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref120
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref120
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref121
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref121
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref122
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref122
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref123
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref123
https://www.usgs.gov/software/phreeqc-version-3
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref125
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref125
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref125

T.H. Boyer et al.

Warrack, J., Kang, M., von Sperber, C., 2022. Groundwater phosphorus concentrations:
global trends and links with agricultural and oil and gas activities. Environ. Res. Lett.
17 (1), 014014.

Wei, J., Ge, J., Rouff, A.A., Wen, X., Meng, X., Song, Y., 2019. Phosphorus recovery from
wastewater using light calcined magnesite, effects of alkalinity and organic acids.
J. Environ. Chem. Eng. 7 (5), 103334.

Weishaar, J.L., Aiken, G.R., Bergamaschi, B.A., Fram, M.S., Fujii, R., Mopper, K., 2003.
Evaluation of specific ultraviolet absorbance as an indicator of the chemical
composition and reactivity of dissolved organic carbon. Environ. Sci. Technol. 37
(20), 4702-4708.

Wilde, F.D., Sandstrom, M.W., Skrobialowski, S.C., 2014. Selection of equipment for
water sampling (ver. 3.1. U.S. Geological Survey Techniques of Water-Resources
Investigations. US Department of the Interior, US Geological Survey book 9, chap.
A2.

Wilsenach, J.A., Schuurbiers, C.A.H., van Loosdrecht, M.C.M., 2007. Phosphate and
potassium recovery from source separated urine through struvite precipitation.
Water Res. 41 (2), 458-466.

Wu, B., Lo, L.M.C., 2020. Surface functional group engineering of CeO2 particles for
enhanced phosphate adsorption. Environ. Sci. Technol. 54 (7), 4601-4608.

Wu, B., Wan, J., Zhang, Y., Pan, B., Lo, L.M.C., 2020. Selective phosphate removal from
water and wastewater using sorption: process fundamentals and removal
mechanisms. Environ. Sci. Technol. 54 (1), 50-66.

Xiong, J., He, Z., Mahmood, Q., Liu, D., Yang, X., Islam, E., 2008. Phosphate removal
from solution using steel slag through magnetic separation. J. Hazard Mater. 152 (1),
211-215.

Xu, K., Wang, C., Liu, H., Qian, Y., 2011. Simultaneous removal of phosphorus and
potassium from synthetic urine through the precipitation of magnesium potassium
phosphate hexahydrate. Chemosphere 84 (2), 207-212.

Yan, H., Chen, Q., Liu, J., Feng, Y., Shih, K., 2018. Phosphorus recovery through
adsorption by layered double hydroxide nano-composites and transfer into a
struvite-like fertilizer. Water Res. 145, 721-730.

Yang, S., Wei, P., Wang, J., Tan, Y., Qu, X., 2023. Impacts of dissolved organic matter on
the aggregation and photo-dissolution of cadmium pigment nanoparticles in aquatic
systems. Sci. Total Environ. 865, 161313.

Yang, Y.-Y., Toor, G.S., 2017. Sources and mechanisms of nitrate and orthophosphate
transport in urban stormwater runoff from residential catchments. Water Res. 112,
176-184.

13

Chemosphere 367 (2024) 143648

Yao, S., Li, J., Shi, Z., 2009. Phosphate ion removal from aqueous solution using an iron
oxide-coated fly ash adsorbent. Adsorpt. Sci. Technol. 27 (6), 603-614.

Yesigat, A., Worku, A., Mekonnen, A., Bae, W., Feyisa, G.L., Gatew, S., Han, J.-L., Liu, W.,
Wang, A., Guadie, A., 2022. Phosphorus recovery as K-struvite from a waste stream:
a review of influencing factors, advantages, disadvantages and challenges. Environ.
Res. 214, 114086.

Yoon, S.-Y., Lee, C.-G., Park, J.-A., Kim, J.-H., Kim, S.-B., Lee, S.-H., Choi, J.-W., 2014.
Kinetic, equilibrium and thermodynamic studies for phosphate adsorption to
magnetic iron oxide nanoparticles. Chem. Eng. J. 236, 341-347.

Yu, X., Geng, J., Ren, H., Chao, H., Qiu, H., 2015. Determination of phosphite in a full-
scale municipal wastewater treatment plant. Environmental Science: Process.
Impacts 17 (2), 441-447.

Yu, X., Jiang, J., 2019. Phosphate microbial mineralization removes nickel ions from
electroplating wastewater. J. Environ. Manag. 245, 447-453.

Zhang, T., He, X., Deng, Y., Tsang, D.C.W., Yuan, H., Shen, J., Zhang, S., 2020. Swine
manure valorization for phosphorus and nitrogen recovery by catalytic-thermal
hydrolysis and struvite crystallization. Sci. Total Environ. 729, 138999.

Zheng, Y., Wan, Y., Zhang, Y., Huang, J., Yang, Y., Tsang, D.C.W., Wang, H., Chen, H.,
Gao, B., 2023. Recovery of phosphorus from wastewater: a review based on current
phosphorous removal technologies. Crit. Rev. Environ. Sci. Technol. 53 (11),
1148-1172.

Zhi, Y., Paterson, A.R., Call, D.F., Jones, J.L., Hesterberg, D., Duckworth, O.W.,
Poitras, E.P., Knappe, D.R.U., 2022. Mechanisms of orthophosphate removal from
water by lanthanum carbonate and other lanthanum-containing materials. Sci. Total
Environ. 820, 153153.

Zhi, Y., Zhang, C., Hjorth, R., Baun, A., Duckworth, O.W., Call, D.F., Knappe, D.R.U.,
Jones, J.L., Grieger, K., 2020. Emerging lanthanum (III)-containing materials for
phosphate removal from water: a review towards future developments. Environ. Int.
145, 106115.

Zhou, H., Jiang, Z., Wei, S., 2013. A novel absorbent of nano-Fe loaded biomass char and
its enhanced adsorption capacity for phosphate in water. J. Chem. 2013 (1), 649868.

Zhou, Y., Marcus, A.K., Straka, L., Eustance, E., Lai, Y.S., Xia, S., Rittmann, B.E., 2019.
Uptake of phosphate by Synechocystis sp. PCC 6803 in dark conditions: removal
driving force and modeling. Chemosphere 218, 147-156.

Zhu, F., Cakmak, E.K., Cetecioglu, Z., 2023. Phosphorus recovery for circular Economy:
application potential of feasible resources and engineering processes in Europe.
Chem. Eng. J. 454, 140153.


http://refhub.elsevier.com/S0045-6535(24)02548-7/sref126
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref126
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref126
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref127
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref127
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref127
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref128
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref128
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref128
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref128
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref129
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref129
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref129
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref129
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref130
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref130
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref130
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref131
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref131
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref132
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref132
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref132
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref133
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref133
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref133
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref134
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref134
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref134
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref135
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref135
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref135
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref136
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref136
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref136
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref137
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref137
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref137
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref138
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref138
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref139
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref139
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref139
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref139
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref140
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref140
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref140
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref141
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref141
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref141
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref142
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref142
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref143
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref143
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref143
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref144
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref144
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref144
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref144
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref145
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref145
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref145
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref145
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref146
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref146
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref146
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref146
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref147
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref147
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref148
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref148
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref148
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref149
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref149
http://refhub.elsevier.com/S0045-6535(24)02548-7/sref149

	Guidance on aqueous matrices for evaluating novel precipitants and adsorbents for phosphorus removal and recovery
	1 Introduction
	2 Background
	2.1 Phosphorus chemistry
	2.2 Phosphorus precipitation
	2.3 Phosphorus adsorption

	3 Study framework and approach
	4 Aqueous matrices relevant to P recovery
	5 Components of aqueous matrices that influence the chemistry of P removal
	6 Guidelines for developing aqueous matrices for testing new materials for P removal and recovery
	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


