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Abstract

Phosphorus recovery from wastewater and waste streams has become increasingly critical
for addressing phosphate-rock supply insecurity and eutrophication control. Building on
previous reviews of phosphorus recovery technologies and product applications, this re-
view presents a product-oriented perspective for evaluating phosphorus recovery, explic-
itly integrating phosphorus sources, process design, product quality, application require-
ments, regulatory considerations, and life-cycle assessment (LCA) or techno-economic as-
sessment (TEA). Collectively, the available evidence indicates that phosphorus sources
differ substantially in phosphorus concentration, speciation, and impurity profiles, under-
scoring the importance of source—product matching for effective phosphorus recovery.
Different phosphorus sources, therefore, require tailored recovery pathways to produce
products that satisfy specific quality and application requirements. Product quality is gov-
erned primarily by process design rather than by the recovered mineral itself, with purity,
contaminant control, regulatory compliance, and end-use suitability ultimately determin-
ing the environmental and economic value of recovered phosphorus. A meaningful com-
parison of recovery pathways further requires harmonized LCA/TEA, as environmental
and economic outcomes are highly sensitive to system boundaries, functional units, and
allocation assumptions. In addition, regulatory requirements are emerging as a key deter-
minant of product commercialization and should therefore be incorporated throughout
process design and technology development. Overall, this review highlights a shift from
removal-oriented phosphorus recovery to product-oriented phosphorus recovery, em-
phasizing the production of high-quality, application-specific phosphorus products as the
foundation for technology selection, product innovation, and the transition toward a cir-
cular phosphorus economy.

Keywords: phosphorus recovery; product-oriented; sources; technologies; LCA

1. Introduction

Phosphorus is an important nutrient for biological growth and agricultural produc-
tion [1-3], but phosphate mineral resources are at risk of declining reserves, and low-
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grade phosphate mining can damage the ecological environment [4]. Beyond resource se-
curity concerns, phosphorus losses from anthropogenic activities have become a major
environmental challenge. Municipal wastewater, industrial effluents, livestock produc-
tion, and agricultural runoff release large quantities of phosphorus into aquatic environ-
ments, accelerating eutrophication, harmful algal blooms, oxygen depletion, and ecosys-
tem degradation [2,5,6].

Phosphorus recovery from wastewater and waste streams has received significant
attention due to the potential to address resource scarcity and environmental damage sim-
ultaneously. It is evident that different phosphorus sources yield different recovery prod-
ucts. However, a systematic synthesis of how source characteristics relate to product out-
comes is largely absent from existing reviews. Moreover, even for the same target product,
such as magnesium ammonium phosphate hexahydrate (struvite; MgNH4PO4-6H:0), dif-
ferent recovery technologies and operating conditions can yield markedly different puri-
ties, which, in turn, affect compliance with product quality standards and market ac-
ceptance. Therefore, from a product-oriented perspective, the ultimate contribution to a
circular economy depends not only on the quantity recovered but also on the effectiveness
with which that product can re-enter productive cycles.

Numerous technologies have been developed for phosphorus recovery, including
chemical precipitation, adsorption, membrane separation, and so on [7-9]. Previous re-
views have comprehensively summarized these technologies and clarified the effects of
key operational parameters, including pH, ion ratios, and competing ions. More recent
reviews have begun to address product applications and life-cycle implications [10,11],
signaling a growing recognition that recovery efficiency alone is insufficient. However,
comparatively less attention has been devoted to systematically linking phosphorus
source characteristics, recovery routes, product specifications, quality grades, and down-
stream utilization opportunities within a unified framework. Product quality standards,
such as minimum P20s content, heavy metal thresholds, and pathogen limits, are rarely
integrated into technology comparisons, even though they directly determine market ac-
cess. Furthermore, although LCA and TEA studies have identified key drivers such as
chemical consumption, energy demand, sludge management, and avoided fertilizer pro-
duction [12-14], their conclusions are often difficult to compare because system bounda-
ries, functional units, substitution assumptions, and product-use scenarios vary consider-
ably among studies [15-17]. What remains insufficiently examined is how product purity
grade, contaminant profiles, and downstream usability interact with environmental and
economic performance across different phosphorus source types and how these interac-
tions influence the viability of each recovery pathway.

This review adopts a product-oriented perspective as its central analytical frame-
work. Rather than treating phosphorus recovery just as a pollutant-removal or resource-
extraction process, the review focuses on how different phosphorus-bearing waste
streams can be transformed into products with practical value. Specifically, (i) summa-
rizes the characteristics of major phosphorus sources, including municipal wastewater
and sludge, agricultural residues and industrial effluent; (ii) maps phosphorus sources of
varying concentrations and types to corresponding recovery products, with emphasis on
the purity and quality grades achievable by different process configurations; (iii) critically
evaluates recovery technologies in terms of product quality, contaminant control, and
compliance with end-use quality standards; (iv) synthesizes LCA- and TEA-based studies
to clarify the environmental or economic priorities that distinguish each product pathway.
By explicitly linking source characteristics, process engineering, product quality, and mar-
ket compliance, this review aims to provide a more comprehensive framework to guide
future phosphorus recovery research and support the transition toward a circular phos-
phorus economy.
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2. Phosphorus Recovery: Sources and High-Value Products

The major anthropogenic sources amenable to phosphorus (P) recovery fall into three
categories: municipal wastewater and sewage sludge, agricultural manure and crop resi-
dues, and industrial wastewater (e.g., from wineries, slaughterhouses, swine farms, and
semiconductor manufacturing). As shown in Figure 1, phosphorus sources with distinct
characteristics can yield a range of high-value products. These differences arise from var-
iations in phosphorus concentration, the presence or absence of impurities (such as heavy
metals, antibiotics, and competing ions), organic matter content, and overall matrix com-
position. Distinguishing phosphorus sources by their matrix properties helps to guide
technology selection, product targeting, and downstream application strategies.
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Figure 1. Source-specific pathways linking municipal, agricultural, and industrial phosphorus

streams to high-value recovery products.

2.1. Phosphorus in Municipal Wastewater and Sewage Sludge

The phosphorus concentration in municipal wastewater is low (4-15 mg/L), but it is
a continuous phosphorus source, mainly originating from human excreta, food residues,
and residual detergent inputs [12,18]. For dilute municipal effluents, the product route
focuses on phosphate adsorption and precipitation. Pap et al. developed a filtration/ad-
sorption system using potassium hydroxide (KOH)-deacetylated, crab-carapace-based
chitosan-calcite for phosphate recovery from rural wastewater effluent. Their comprehen-
sive quality assessment confirmed the product’s safety for agricultural use, with all con-
taminants (heavy metals, organic micropollutants, and pathogens) falling well below reg-
ulatory thresholds (Table 1) [19]. In contrast, Zhou et al. applied in situ CaCOs precipita-
tion to recover P from urine sewage, achieving a product with substantially higher P20s
content (17.4 wt%) and demonstrating strong agronomic effectiveness, as evidenced by a
doubling of cowpea fresh biomass in pot trials (Table 1) [20]. Taken together, feedstocks
with higher phosphorus concentrations tend to yield higher-grade products with more
immediate fertilizer value. In contrast, dilute streams require adsorptive concentration
and typically produce lower-P materials that function better as soil conditioners than as
straight fertilizers.

As seen in Figure 1, for high-concentration phosphorus-containing liquids (above 50
mg/L) in wastewater treatment plant (WWTP) side streams, such as sludge dewatering
liquor and sludge centrate, the target recovery product is struvite, a slow-release N-P-Mg
fertilizer [21-23]. Research focuses on optimizing process parameters, such as pH and
Mg?* dosage [24]. Notably, Lew et al. challenged the prevailing assumption that higher
pH universally improves struvite recovery; instead, they demonstrated that pH 7.4 and
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the shortest hydraulic retention time tested (15 min) yield more homogeneous products
(#85% struvite) than the conventionally recommended alkaline conditions [25], under-
scoring the importance of wastewater-specific optimization over one-size-fits-all ap-
proaches. In contrast to these liquid-phase recovery approaches, thermal treatment offers
an alternative pathway for phosphorus recovery from the solid fraction of municipal
sludge. Through pyrolysis, sewage sludge solids are converted into sewage sludge bio-
char (SSB). Figueiredo et al. assessed SSB as a phosphorus fertilizer and showed that py-
rolysis temperature and the choice of extractant critically affect P availability. They con-
cluded that P-rich biochar should be regarded as a carbon-rich slow-release P product,
whose fertilizer value depends on P speciation, plant availability, and contaminant con-
trol [26]. What emerges from this work is a recognition that biochar-P is not a single entity:
lower pyrolysis temperatures (=300 °C) favor readily available P forms, whereas higher
temperatures (600 °C) produce more recalcitrant, slowly released P. This temperature-de-
pendent tunability suggests that biochar can be engineered for specific agronomic out-
comes but also explains why total P content alone is an unreliable indicator of fertilizer
performance.

Beyond pyrolysis, phosphorus can also be recovered from iron-rich sludge solids in
the form of vivianite (Fes(PO4)2-8H20). This crystalline ferrous phosphate mineral has at-
tracted growing interest as a recoverable P product. Nguyen et al. separated vivianite
from digested sewage sludge using high-gradient magnetic separation, achieving an op-
timized magnetic recovery of about 80% after three recirculations [27]. The robustness of
this magnetic separation approach is noteworthy (maintaining performance across sludge
dry matter contents of 1.8-3.3%), as it suggests that physical separation can tolerate the
inherent variability of sludge feedstocks better than chemically sensitive precipitation
processes. This resilience makes magnetic recovery a more practically adaptable option
for full-scale implementation across different wastewater treatment plant configurations.
In a higher-value material route, Wang et al. used Fe-enhanced primary sedimentation,
acidogenic fermentation, and selective Fe-P precipitation to recover more than 66% of
sludge P as crystalline iron phosphate dihydrate (FePOs-2H20) with 99.3% purity, then
prepared lithium iron phosphate/carbon (LiFePO4/C) cathodes with an initial specific dis-
charge capacity of 151 mAh/g [28]. The common limitation for P recovery from municipal
wastewater and sewage sludge is that higher-value products require more selective en-
richment, impurity removal, and product-quality control than ordinary P removal. This
represents the most advanced entry in the product-value spectrum: while the process
complexity and purity requirements far exceed those of fertilizer production, the resulting
product commands a market price nearly an order of magnitude higher than phosphorus
fertilizers, demonstrating that wastewater-derived phosphorus can be upgraded beyond
agricultural uses.

2.2. Phosphorus in Agricultural Manure and Crop Residues

Agricultural phosphorus recovery differs from municipal recovery in that feedstocks,
such as livestock manure, poultry litter, digestate, straw, and husks, etc., are nutrient-rich
but heterogeneous [29-31]. Manures contain P, with N, K, and P occurring in both inor-
ganic and organic forms, including phytate- and DNA-like hydrolyzable P and soluble or
acid-extractable forms related to orthophosphate, magnesium phosphate (Mg-P), and cal-
cium phosphate (Ca-P) species [32]. Crop residues contain less I’ but release large amounts
of P through decomposition [29,32].

For liquid livestock wastewater, struvite is the most direct product because ammo-
nium and phosphate coexist [33-35]. However, agricultural wastewater presents a more
complex matrix than municipal streams: high concentrations of K* and Ca?* compete with
Mg?* for phosphate, generating by-products such as potassium struvite and amorphous
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calcium phosphate, which, together with the high suspended solids and organic matter
content, consistently yield small, irregular, and low-strength crystals (mean size ca. 1840
pm). This structural limitation, as shown in Table 1, is a recurring theme across agricul-
tural P-recovery routes and distinguishes them from more controlled municipal or indus-
trial settings. Consequently, proper selection of the magnesium source is critical. In metal-
containing swine wastewater, Guan et al. compared MgCl2, MgO, and Mg(OH)2 and
found that MgClz achieved 94.55% P removal, while also precipitating 90.60% of Cu and
98.80% of Fe; alkaline magnesium sources caused Cu redissolution, making MgClz pref-
erable in technical, economic, and environmental assessments [36]. The co-precipitation
of heavy metals during struvite formation, while potentially beneficial for wastewater
polishing, introduces an additional quality-control challenge for the final product—one
that requires case-by-case evaluation depending on the target end-use. Furthermore, the
widespread use of veterinary antibiotics adds another layer of complexity: Chen et al.
found that recovered struvite from swine wastewater contained tetracycline antibiotics
(4.88-79.5 mg/kg) and their resistance genes (6.99 x 107-2.14 x 10" copies/g), highlighting
that agricultural P products carry not only inorganic impurities but also biological and
chemical contaminants that may constrain their agronomic application [37].

Crop residues broaden the source base but generally require decomposition and mi-
crobial mineralization before released orthophosphate can enter precipitation, adsorption,
or direct soil-reuse pathways [29]. As Table 1 summarizes, the P release patterns are
strongly feedstock-dependent: green manure releases 56-74% of its initial P (5.1-5.6
kg/ha) within 52 weeks, sufficient to meet up to 62% of wheat P requirements, whereas
wheat, pea, and canola residues contribute less than 1 kg/ha. This disparity reflects differ-
ences in residue quality, particularly in C/P and lignin/P ratios, and underscores the fact
that crop residues are better viewed as a long-term soil fertility maintenance tool rather
than a concentrated P source for immediate recovery [30].

Modified biochar provides a higher-value route for manure or residue solids. The co-
pyrolysis approach demonstrated by Piash et al. represents a fundamental departure from
wet-chemical recovery: rather than extracting and precipitating phosphorus as a mineral
salt, this route transforms the entire manure matrix (including its organic carbon, nitro-
gen, and ash constituents) into a multifunctional soil amendment [31]. By incorporating
Ca-bentonite during pyrolysis, readily soluble orthophosphate is converted to less-soluble
Ca/Mg-phosphate forms, while K release is slowed by approximately 22% via cation ex-
change in the bentonite structure (Table 1). This engineering of nutrient release kinetics
effectively repurposes a waste stream with high environmental risk (landfilling or over-
application of raw manure) into a product whose value lies not only in its P content but
in its combined contributions to soil organic matter, pH buffering, and water retention.
The key distinction from the poultry-litter extraction route is that biochar-based fertilizers
do not require a separate precipitation step; instead, nutrient retention is achieved
through thermochemical transformation of the feedstock itself. This simplicity is attrac-
tive, though the final P>Os equivalent is lower than that of struvite products, suggesting
that biochar-based amendments are best suited for broad-acre soil conditioning rather
than precision P fertilization.

2.3. Phosphorus in Industrial Wastewater and Other Organic Wastes

Reported phosphorus concentrations vary by industrial types: 35-77 mg/L (winery
wastewater), 29-49 mg/L (abattoir wastewater), 194-780 mg/L swine wastewater, 0.4-21
mg/L (tannery wastewater) [3], 820 mg/L (acidic cheese wastewater) [38], and 320-600
mg/L (brewery side streams) [39]. These wide-ranging concentrations, together with the
different chemical forms of phosphorus present, largely determine the appropriate recov-
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ery strategy for each industrial stream. At higher concentrations, phosphorus is often pre-
sent in organic forms and thus requires prior oxidation or mineralization to convert it to
inorganic phosphate before mineral recovery. Pharmaceutical and organophosphorus
chemical wastewater are examples of such high-strength streams. Qiu et al. used wet air
oxidation to convert 99% of the total organic phosphorus (TOP) to inorganic phosphate in
fosfomycin pharmaceutical wastewater and recovered it as hydroxyapatite (HAP;
Caw(PO4)s(OH)2) (at a Ca/P ratio of 2.0) or struvite at Mg/N/P of 1.1:1.0:1.0 [40]. Similarly,
Chen et al. treated chlorpyrifos manufacturing wastewater with a TOP of 4700—4840 mg/L
after peroxide-promoted catalytic wet air oxidation; struvite precipitation at Mg:NH4:POx
=1.1:1.0:1.0 recovered 97.2% of the phosphate [41].

Acidic phosphate-rich streams can be matched to iron phosphate products instead of
being forced into struvite or Ca-P precipitation. Bahgat et al. recovered FePOs+2H:0 from
acidic high-strength phosphate wastewater: Fe(IlI) dosing recovered more than 95% P at
initial pH 3 or higher but formed poorly settleable solids, whereas controlled Fe?-H20:
oxidation maintained over 95% total P recovery and improved settleability, with an opti-
mal Fe(II) oxidation rate of 4.7 x 10-* mol/L/min and a volumetric index of 8 mL/g P [42].
This case illustrates that process optimization for acidic streams should focus not only on
recovery efficiency but also on product separability, a factor often overlooked in conven-
tional precipitation studies.

Other organic wastes expand the product range. Simple, low-technology procedures
can be effective without complicated chemical or electrochemical processes. Chaudry et
al. evaluated microalgae cultivation on slaughterhouse wastewater and estimated that
ponds with nearly 80% water recycling could produce treated water with less than 1 mg/L
N and 12 mg/L P, generate about 2 kg algal biomass per m? wastewater, and avoid 3.46—-
6.11 kg CO2-eq per m? treated depending on product credit [43]. This algal route is quali-
tatively different from the mineral-precipitation approaches discussed above: rather than
producing a phosphorus-rich mineral concentrate, it assimilates both N and P into bio-
mass, generating value primarily from the protein content of the harvested algae (Table
1). Overall, industrial and organic-waste P recovery must specify both source and product,
because vivianite, recovered phosphoric acid, calcium phosphate, algal biomass, and car-
bon-assisted recovery have different purity requirements and market-entry criteria.

Table 1. Phosphorus characteristics from different sources, associated recovery routes, and product

functions.

Influent Charac-

Sources teristics Recovery Routes Quality or Purity Applications Safety or Effectiveness Ref.
12 Pb<1.2
Wastewater PO43- 1.0 Filtration and o Soil amend- Cd <012 mg/kg, Pb <
_ 2.2-2.5 wt% P20s mg/kg; [19]
effluent mg/L~7.0 mg/L adsorption ment
No target pathogens
. ) Calcium-phos- —
Urine ~79.5 mg P/L AdS(.)I'l.DtIO.n and 174 wi% P05 phate-based Cowpea freshowelght in- [20]
sewage precipitation o crease of ~100%
fertilizer
Sludge Chemical precip-Struvite purity: Slow-release ~19% reduction in WWTP P
dewatering ~310mgP/L e Precip purtly: =low ’ [25]
. itation 85% fertilizer load
filtrate
o P-NAC max at
Sewage TP:2.1-3.7% Pyrolysis (200- 300 °C (79% TP); Fertilizer/soil
(4.8-8.6% as N.R. [26]
sludge PA05) 600 °C) P-CA max at amendment
e 600 °C (53% TP);
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Digested High-gradient  Vivianite purity: Precursor for
Robust to sludge d tt
sewage Fe/P = 1.6 magnetic separa-70-85%; Fe/P =  LiFePOu batter- obust 7o sudge cry matter [27]
. . variations (1.8-3.3%)
sludge tion 1.3 ies
PO#- and AC1dog_en1c fer- FePO4+2H:0 pu- LiFePO4/C cathode discharge

Fe-enhanced mentation fol- . Precursor for )

imar HPO42; lowed by acidic rity: 99.3%; Fe/P = LiFePOs batter capacity: 151 mAh/g; Carbon (28]
I;Iu q ey 149.0£20mg- daﬁvz fop 096-L0;particle ! reduction: 413-495 kg COx-

& P/L . size 200-250 nm eq/t LiFePO4/C cathode
precipitation

Crop resi-  P:0.4-2.2 mg/g; Field decomposi-kg/ha); pea: ~0.4 subsequent
dues C/P=213-1248 tion kg/ha; canola:  crops in rota-

P release: green

1-56 P f
manure (5.1-5.6 P source for Green manure P could meet

up to 62% of wheat P require-[29]

-08 kg/ha; ton ments; other residues < 7%

wheat: ~0.4 kg/ha

N:P:K=2.0:1.0:0.1

Aqueous PO ) . ,(pH 8.5-9.0) or o) s

Poultry litter 943.4-1540.5 mg COz-as§1sted acid 0.9:1.0:02 (pH Slova.-release Over'all P recovery: >70% in [30]
extraction fertilizer 45 min sequencing batch
L1 10.5-11.0); crystal
size ~100 um

Chicken Co-pyrolysis at P release in clay Slow-release

N.R. 300 °C with Ca- loam: 32-40% (90 fertilizer/soil N.R. [31]
manure .

bentonite d) amendment
, O-P:532-1343 _  Struvite; P con- Reduce chemical fertilizer

Swine Struvite crystalli-tent: 12.3-19.7% . .

mg/L; NH+-N: . . Fertilizer consumption 6.4%, and COz [33]
wastewater 79.9-2617 me/L zation (dry basis); P20s: reduction: 6522 t/

' & 28.2-45.1% ' Y
Anaerobi- Struvite purity:
: 3- N _ %: ~1.5:

cally digestedPO+*- 1397.0 Au.r lift electro- 88.5 / ; Fe/P 1.5; Fertilizer No heavy metals detected 34]
poultry mg/L lytic particle size
wastewater 142.95 um
Anaerobi-

cally digestedPO+*- 4374.0
poultry litter mg/L
supernatant

TP removal: >99%; energy
Fertilizer consumption: 18.4 kWh/m3; [35]
space-time yield: 32 kg/m3h

Electrolytic stru- Struvite purity:
vite precipitation 90.5%

Slaughter-  TP: 23-28 mg/L
house (PO#--P); N/P
wastewater mass ratio=7.1

Animal feed
protein supple-
ment (replac-
ing soybean
meal or fish-

Carbon reduction: 3.46-6.11
kg COz-eq/m® wastewter;
Economic feasibility: [43]

Algal biomass

Mlc?roalgae culti- yields = 2 kg/m?
vation

of wastewater achieves positive NPV at

>3700 m3/d scale
meal)
Chemical P: 2236 mg/L; Vivianite purity: Fertilizer/pre-
olishina pH 2.89; Ca?*  Vivianite crystal-24.13%; optimal cursor for Cost analysis: $0.925/ke P [44]
Svastew fter 485 mg/L; AP lization pH 7.0, Fe/P = 1.5, LiFePOx batter- ysIs: 957208
127 mg/L Fe? =500 mg/L ies
. Vivianite; Fe/P = Precursor for . .
Phosphogyp- TP: 4195 mg/L Electrochemical 155; flower-like LiFePO: batter- LlFePQ4/C cathode discharge [45]
sum leachate recovery _ capacity: 52.36-56.88 mAh g
morphology ies
Precipitation .
Meets GB15580-2011 dis-
PhosphogyP- )2 295 mgyr MBSO P NFL g ite Slow-release - e standard [46]; Profit: [47]
sum leachate for PO#- at pH fertilizer $57.24/t PG
8.5) ]
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Lithium Li: 15.1 wt%; P: Al extraction — FePOw2H:0 pu Precursor for Al removal: 85% (Al <25
phosphate  21.1 wt%; Al:  selective precipi- rity: 949 30/2 PU 1 iFePO\ batter- mg/L); Liloss < 2.0%; Meets [49]
slag 0.068 wt% tation Y7707 ies HG/T 4701-2021 [48]

Note: N.R., not reported in the cited study; O-P, orthophosphate phosphorus; P-NAC, phosphorus

soluble in neutral ammonium citrate; P-CA, phosphorus soluble in 2% citric acid; PG, phosphogyp-
sum; TP, total phosphorus; NPV, net present value.

3. Phosphorus Recovery Technologies

As mentioned above, different phosphorus sources are suitable for producing differ-
ent recovered products. However, even for the same target product, multiple recovery
technologies may be applicable, and their performance varies. Crucially, the market via-
bility of recovered phosphorus products is increasingly governed by regulatory frame-
works that define quality thresholds and contaminant limits. In the European Union (EU),
the Fertilizing Products Regulation (EU) 2019/1009 provides the overarching legal frame-
work for recovered phosphate salts placed on the EU market. A key milestone is that re-
covered struvite has been approved for use in organic farming since 2023 (subject to
source restrictions), setting a precedent for the use of recycled mineral fertilizers. In China,
a tiered regulatory system governs phosphorus products across different value levels. Fer-
tilizer-grade products must comply with general safety limits (GB 38400-2019 [50]) and
product-specific standards, while battery-grade iron phosphate (FePOs) recovered from
waste streams must meet far stricter purity requirements under HG/T 4701-2021 [48],
demonstrating that quality requirements scale with end-use value. In Japan, recovered
struvite has been formally recognized under the Fertilizer Control Law as a distinct prod-
uct category, making Japan one of the few countries to have established a dedicated legal
status for recovered struvite. In Canada, the Fertilizers Act imposes comprehensive limits
on heavy metals and pathogens. However, commercial-scale struvite recovery from mu-
nicipal wastewater has yet to materialize, suggesting that regulatory frameworks alone
do not guarantee market uptake.

These diverse and evolving regulatory requirements, as summarized in Table 2, de-
fine the quality benchmarks that recovered products must achieve and directly influence
technology selection and process optimization. The overarching insight is that recovery
alone is not enough; compliance with end-use quality standards must be embedded in
process design from the outset. Therefore, this review, from a product-oriented perspec-
tive, critically evaluates recovery technologies with respect to principles, influencing fac-
tors, product quality, contaminant control, and downstream usability.

Table 2. Legal framework regarding P products in different countries.

Mass Fraction of

CI;):I;:Z/ Legislation/Regulations P Products Available Main Regul;lalilgolrlis/Restnctlons Year
5 Phosphorus (wt%) 8
Europea  EU regulation 2019/1009: . Cd <200, Cr <2(VI) Cu<600, Pb < 2019
nUnion  Fertilizer Fertilizer P205>15 120, Ni < 100, Zn < 1500, As < 40 [51]
Fused calcium Cd <10, Hg < 5, As < 50, Pb < 200, Cr
. magnesium . . . 2021
China GB/T 20412-2021 hosphate P20s > 12 <500, Ti <2.5; Ascaris egg mortality [50,52]
PRosp 95%; Fecal Coliforms < 100/g solid ’
fertilizer
Organic
China GB/T 18877-2020 inorganic P2Os> 3.0 As <50, Cd <10, Hg<5, Pb <150, Cr 2020
compound <500 [50,53]
fertilizer
o, o, 3 o,
Japan  No.127/1950 (2019) Struvite P20s > 20 SN0 A CaR BN NS0t

Cr < 5%, Hg < 0.005%, Pb < 0.3% [54,55]
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Battery-grade Ca <0.01%, Mg < 0.06%, Na < 0.02%,
iron 20.0<P<21.1,35.7< K <0.02%, Cu<0.02%, Zn < 0.003% 2021
hi HG/T 4701-2021 ’ ! / ’
China G/T 4701-20 phosphate Fe < 36.7 Mn < 0.015%, Al <0.1%, [48]
(FePOu) Ti <0.05%, Co <0.18%, S < 0.03%
As<75,Cd <20, Co<1151,Pb<
505, Cr <1060, Cu <757, Hg <5, Mo
<20, Ni < 181; Salmonella: Not 2026
Fertili Fertili R. ’ ’
Canada ertilizers act ertilizers N detectable; Fecal Coliforms: 1000 [56]
MPN (Most Probable
Number)/gram solid
Fertilizer (Inorganic, I(;Iii?r?monium Total N 2 6.0 wt%,; pH 7.0-8.0;
Organic or Mixed) viscosity 1.2-1.3 cP; TEM particle
India (Control) Order, 1985—  Phosphate Water-soluble PXOs 1 1020 nm (250%); DLS particle 202>
e e fertilizer >16.0 . on. [57]
Notification under (liquid Nano size 50-100 nm (250%); zeta
Clause 20D, 2023 DAP) potential: -9 to 12 mV
Diammonium Total N > 17.0 wt%; nitrogen must
IN SDA/MAPA No.
Brazil 31;]/28 018 /II\X/Innex INO phosphate P20s > 45.0; water- be in ammoniacal form; produced 2020
u datec,l i1 2020 ’ fertilizer soluble P205>38.0 by the reaction of phosphoric acid [58]
p (DAP) with ammonia

Note: DAP, diammonium phosphate; DLS, dynamic light scattering; MPN, most probable number;

N.R., not reported; TEM, transmission electron microscopy.

3.1. Chemical Struvite Precipitation and Electrochemical Struvite Precipitation

While the preceding sections have shown that different phosphorus sources demand
distinct recovery routes and yield products of divergent value, the quality of a given prod-
uct is not solely determined by its source, even for the same target product. Different re-
covery technologies and operating conditions can produce markedly different purities
and, consequently, different market values. The two principal methods for recovering
NHs-N and PO« through struvite precipitation are chemical struvite precipitation (CSP),
which entails the addition of magnesium salts (Mg(OH)2, MgO, MgCl,, MgCQOs, and
MgSOs) to a wastewater solution containing NHs+* and PO+*- ions, and electrochemical
struvite precipitation (ESP), which involves the introduction of Mg?* ions into the solution
by applying a modest electric current to a magnesium sacrificial electrode (as shown in
Figure 2). Real wastewater contains competing ions (e.g., Ca?, K*), carbonate, suspended
solids, and organic matter, so the CSP production is usually a mixture of precipitated sol-
ids [22,23,59]. The overall fertilization quality of the precipitated solids depends primarily
on the proportion of struvite in the mixture, whereas the crystallization process is signifi-
cantly influenced by pH, magnesium dosage, and hydraulic retention time (HRT). Lew et
al. investigated the effects of MgClz dose, pH, and HRT on struvite recovery from sludge
dewatering belt-press filtrate. The highest purity (approximately 85%) was achieved un-
der 10 mM MgClz, pH 7.4, and an HRT of 15 min, producing the most homogeneous pre-
cipitate. While higher pH values and longer HRTs slightly increased the overall phospho-
rus precipitation, they simultaneously favored the co-precipitation of calcium phosphate
and magnesium phosphate minerals [25]. Instead, X-ray diffraction (XRD) results showed
that precipitates obtained at lower pH values were largely crystalline and morphologi-
cally similar to pure struvite, whereas precipitates formed at higher pH showed poorer
peak definition and were less macrocrystalline [25]. These findings underscore a critical
insight: product purity is not an intrinsic property of the target mineral but a direct con-
sequence of process design choices, and conditions that maximize phosphorus recovery
do not necessarily maximize struvite purity or fertilizer value.
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Figure 2. Chemical and electrochemical struvite precipitation.

Electrochemical struvite precipitation represents a distinct technological pathway
that can achieve higher purity than conventional CSP under optimized conditions, alt-
hough its performance is equally sensitive to operating parameters. Employing a magne-
sium sacrificial anode in ESP offers numerous advantages over CSP. The process can be
readily automated, yields higher-purity struvite crystals, does not require chemical pH
adjustment, generates minimal sludge, produces renewable hydrogen gas, and effectively
reduces chemical oxygen demand (COD) levels in wastewater via oxidation and complex-
ation. However, the purity outcome is by no means uniform across ESP configurations: in
two separate studies, Aka et al. demonstrated that an integrated electrolytic precipitation-
ammonia scrubbing setup (Mg-Mg electrodes, 4 A, 15 L/min air) achieved 90.5% struvite
purity after 30 min [35], whereas an air-lift electrolytic reactor treating anaerobically di-
gested poultry wastewater (12.4 A/m?, 107.42 m/h superficial velocity) yielded 88.5% pu-
rity [34]. These values, while both exceeding the 85% achieved by Lew et al. via CSP, still
differ from each other and fall short of the theoretical maximum, highlighting that even
within the same technology class, purity is governed by current density, airflow rate, re-
action time, and reactor hydrodynamics. Notably, Aka et al. also found that the mean
particle size and its distribution increased linearly with the superficial upflow velocity
[34]. From a product-oriented perspective, this variability in purity and particle size trans-
lates directly into differences in downstream handling, fertilizer efficacy, and ultimately
market price, meaning that the choice between CSP and ESP, and the fine-tuning of oper-
ating conditions within either, must be evaluated not only by recovery efficiency but by
the quality of the final product and its compliance with end-use specifications.

Furthermore, it is worth noting that research should pay close attention to reactor
geometry design for struvite precipitation. According to Yinyan et al., larger particles set-
tle faster and pose fewer challenges during downstream and end-user applications [60].
Therefore, it is necessary to tailor process design parameters and operating conditions to
facilitate crystal growth and enhance product quality and recovery. When designing the
reactor, special attention must be paid to its geometry. It is known that strong mechanical
interactions between the formed struvite crystals and conventional mixing devices can
lead to high levels of attrition and crystal breakage, resulting in excessive fines production.
Consequently, such designs are unsuitable for scale-up, as large, narrow-size-distribution
crystals are required for efficient nutrient recovery and fertilizer application [61].
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3.2. Calcium Phosphate, HAP, and Adsorption/Enrichment Routes

Calcium phosphate recovery mainly includes adsorption/enrichment, amorphous
Ca-P precipitation, brushite-like phases, and HAP formation. Compared with struvite
precipitation, Ca-P routes do not require ammonium, making them more suitable for low-
ammonium effluents and systems where calcium or carbonate can serve as both a reactant
and a nucleation aid. Ca-P product quality is strongly affected by pH, Ca/P ratio, car-
bonate concentration, nucleation surface, competing ions, and the separation of fine solids
during harvesting and drying [62]. From a product-oriented perspective, Ca-P recovery
should consider whether the recovered solid is a low-density P carrier, a mixed Ca-P fer-
tilizer, or a more crystalline HAP-rich product with higher value.

Adsorption and enrichment can provide a practical route when direct precipitation
is limited by low phosphate concentration. Pap et al. reported a pilot reactor using KOH-
deacetylated crab-carapace chitosan-calcite media. The reactor reduced residual effluent
PO4-P to below 1 mg/L under low-phosphate conditions and harvested more than 50% of
phosphate at higher POs-P levels [19]. The recovered P-enriched medium contained about
2.5% P20s, trace levels of heavy metals, extremely low levels of organic micro-pollutants,
and no detectable target bacterial pathogens [19]. This example shows the two-sided na-
ture of adsorption/enrichment routes: they can produce a safe soil amendment and polish
dilute wastewater, but the low P20s content limits transport value and fertilizer density,
making them more suitable for local safe P capture than for producing a concentrated
commercial fertilizer.

For more concentrated liquids, Ca-P precipitation can be directed toward a denser
fertilizer product. Zhou et al. treated urine sewage containing about 79.5 mg-P/L ina 50 L
pilot system for 20 batches. By adding CaCl: and Na2COs, CaCOs was generated in situ,
providing both calcium supply and nucleation sites. The process produced 1012 g of P
fertilizer from 1000 L of urine sewage, achieved 98.3% phosphate removal, and obtained
a product containing 17.4 wt% P20s [20]. It indicates that carbonate is not always a com-
peting ion; when deliberately introduced and controlled as CaCOs, it can facilitate Ca-P
precipitation and improve product separation, yielding a product with P20s content ap-
proaching commercial fertilizer grades.

Bio-induced HAP provides another Ca-P route when biological phosphorus removal
and mineral formation occur in the same reactor. Zhou et al. established a denitrifying
biological phosphorus removal system in which phosphorus and nitrate removal efficien-
cies reached 99.3% and 45.1%, respectively [63]. The saturation index for HAP was above
zero in the anaerobic and anoxic zones, and HAP cores accounted for approximately 66%
of total P removal. The granular sludge at the reactor bottom contained inorganic matter
and 15.4 wt% total phosphorus, of which 86.1% was chemical phosphorus precipitation
[63]. However, HAP-rich granules must be separated from ordinary biological sludge be-
fore their full mineral value can be realized, and this additional purification step is a key
factor that distinguishes bio-induced HAP from chemically precipitated products in terms
of final product quality and processing cost.

3.3. Iron-Based Recovery: Vivianite, FePOs, and Electrochemical Fe-P Products

Iron-based phosphorus recovery is suitable for Fe-rich, reducing, or acidic P streams
(Figure 3). The key factors controlling Fe-based recovery are Fe?*/Fe% state, pH, oxidation
rate, impurity routing, magnetic separability, and final product grade [27,28,42,44,64], but
the dominant factors are product-specific. Consequently, different iron-based routes, vivi-
anite crystallization, FePOus precipitation, or electrochemical synthesis, yield products
with distinct purities and market values, and the choice of process must be aligned with
both the wastewater matrix and the required product specifications.
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Figure 3. Iron-based P products recovery: preparation routes and effect factors.

For vivianite recovery, product separability is often as important as purity. Zhang et
al. optimized precipitation from industrial wastewater at pH 7.0, 500 mg/L Fe, and an
Fe/P molar ratio of 1.50, obtaining a vivianite purity of only 24.13% and an estimated re-
covery cost of 0.925 United States dollars (USD) per kg P [44]. Such purity falls far short
of a refined chemical standard, indicating that direct precipitation alone is insufficient for
high-value applications; however, vivianite is intrinsically magnetically separable, offer-
ing a potential pathway to upgrade the recovered material. Indeed, Nguyen et al. further
showed that high-gradient magnetic separation could recover vivianite from digested
sludge with 1.8-3.3% dry matter, and recovery reached about 80% after three recircula-
tions; particles smaller than 10 um were still recoverable [27].

For FePO+2H20 and high-purity FePOu recovery, pH and oxidation conditions be-
come more critical. Bahgat et al. studied acidic phosphate-rich waste streams and found
that pH 3 was the best among pH 1.5, 3, 4, and 5, achieving about 96% P recovery with
less pH adjustment than pH 4-5, whereas pH 1.5 recovered only about 60% [42]. They
further showed that a controlled Fe?-H>0O: oxidation rate of 4.7 x 10*mol L' min™! main-
tained more than 95% TP recovery and improved settleability to a volumetric index of 8
mL/g P [42]. Xu et al. used a field-induced electro-Fenton cell for P-rich urine and, under
10 mM H:0:, 10 mA/cm?, initial pH 6.0, and 40 min, achieved 95.67% TP recovery and
98.41% FePOus purity [65]. These results demonstrate that FePOs precipitation can achieve
much higher purity than vivianite under tightly controlled oxidation and pH conditions,
but such purity comes at the cost of stricter process control and higher reagent consump-
tion.

Compared to ordinary iron phosphate, higher-value Fe-P products require even
stricter impurity control, as shown in Figure 3. Wang et al. recovered more than 66% of
sludge P by acidogenic fermentation and acidic oxidative Fe-P precipitation; the resulting
FePOu reached 99.3% purity, and the prepared LiFePOs/C cathode showed an initial dis-
charge capacity of 151 mAh/g [28]. Liu et al. recovered vivianite from phosphogypsum
leachate by controlling dissolved oxygen and maintaining pH below 9, achieving up to
99.3% P recovery and reducing residual P to 3.9 mg/L [45]. Lou et al. used staged precipi-
tation-electrodialysis-crystallization to recover fluoride at pH 4.7 (98.80% recovery), phos-
phate at pH 8.5 (99.91% recovery), and sulfate (99.89% recovery) [47]. Taken together,
these cases show that when the target is battery-grade or high-purity chemical products,
the recovery process must move beyond simple precipitation to include multi-step puri-
fication and impurity-specific separation, as the end-use specifications are far more de-
manding than those for fertilizer applications.
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3.4. Thermochemical and Wet-Chemical Recovery from Phosphorus-Rich Ash

Thermochemical and wet-chemical recovery from phosphorus-rich ash differs from
liquid-phase precipitation because phosphorus is already enriched in mineral ash phases
rather than present as dilute dissolved phosphate in aqueous streams. The recovery ob-
jective is therefore not direct precipitation from solution, but the conversion or extraction
of ash-bound phosphate phases, separation of co-dissolved metals and other ash-derived
impurities, and production of specification-driven outputs such as citrate-soluble phos-
phate fertilizers, Ca-P/HAP products, purified phosphate streams, or technical-grade
phosphoric acid. Because the starting material is a solid ash matrix rather than a homoge-
neous liquid, the achievable product purity and phase composition depend heavily on the
chosen extraction or conversion route, and the final product must meet different quality
benchmarks depending on its intended use —fertilizer, chemical feedstock, or battery ma-
terial.

Thermochemical conversion improves the fertilizer value of poorly available ash-
bound phosphates while removing volatile toxic metal compounds. Hermann and Schaaf
described treating phosphate-rich ash with sodium- and/or potassium-based alkaline ad-
ditives at temperatures above 900 °C [66]. The additives react with ash-borne phosphates
to form ammonium-citrate-soluble alkaline phosphate compounds, while volatile As, Cd,
and Pb compounds evaporate from the reactor bed and are captured from the cooled pro-
cess gas [66]. This process produces calcined phosphorus or phosphorus-potassium (P-K)
fertilizer materials from mono-incinerated, P-rich ash, with product quality depending on
P bioavailability, additive inputs, and off-gas metal control. This route is well-suited for
producing citrate-soluble fertilizer materials with minimal downstream purification, but
it does not yield the high-purity phosphate streams required for chemical or battery ap-
plications.

Wet-chemical extraction releases ash phosphorus into acidic leachate, followed by
separation from co-dissolved metals. Gao et al. investigated incinerated sewage sludge
ash (ISSA) using wet-chemical extraction combined with cation exchange resin (CER) [67].
Increasing the H*/P molar ratio from 2.97 to 5.94 increased extracted P from 33.31 + 0.98 to
51.01 + 2.55 mg/g ISSA, and P extraction efficiency from 63.91% to 97.81% [67]. Further
increasing the H*/P ratio to 29.72 only slightly increased extracted P to 51.26 + 0.98 mg/g
ISSA and extraction efficiency to 98.29%, showing a marginal benefit from excess acid [67].
Under the optimized conditions of H*/P 5.94, liquid-to-solid ratio 10-, and 360 min reac-
tion time, P extraction reached 98.34% [67]. The subsequent CER step separated phospho-
rus from co-dissolved metals; phosphorus was recovered as Ca-P/hydroxyapatite, while
the Al-rich eluate was directed toward coagulant production [67]. Compared with ther-
mochemical conversion, this wet-chemical route yields a purer Ca-P product and enables
separate recovery of co-dissolved Al, but the acid consumption and cation-exchange steps
add high operational costs.

Combined wet-thermochemical conversion addresses Fe/Al-rich ash by coupling
acid leaching, P-bearing floc recovery, and thermal phase conversion. Fang et al. recov-
ered P from Fe/Al-rich sewage sludge ash by adjusting the acid-leaching supernatant to
pH 3.5, where 86.75% of P was recovered as Al-Fe-P flocs [68]. The flocs were then co-
incinerated with CaCl: at 650, 750, and 850 °C to convert Fe-bound P into Ca-bound phos-
phate phases [68]. The apatite P content reached 65.32 mg/g at 750 °C, and thermogravi-
metric-differential scanning calorimetry (TG-DSC) analysis indicated that the main reac-
tion between Al-Fe-P compounds and CaClz occurred at about 540-690 °C [68]. Compared
with conventional recovery, the wet-thermochemical products increased total P content
by 34.14 mg/g and citric-acid-soluble P by 23.06 mg/g; Ca-P products prepared at 650—
850 °C were reported to promote two rounds of ryegrass growth [68]. This hybrid ap-
proach bridges the gap between wet extraction and thermal conversion, producing plant-
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available Ca-P phases from Fe/Al-rich ash that would otherwise be difficult to process.
However, its multi-step nature and energy requirements make it more complex than the
single-route method.

Acid-grade phosphoric acid production requires extraction followed by stronger pu-
rification and concentration. Donatello et al. used sulfuric acid washing of incinerator
sewage sludge ash and reported 72-91% recovery of total P under optimized conditions;
the filtrate was purified by cation exchange and concentrated to about 80% HsPOs for com-
parison with technical-grade phosphoric acid specifications [69]. This route targets the
highest-value product (technical-grade acid), but it also demands the most intensive pu-
rification, making it economically viable only when the ash feed is low in contaminants or
when the acid product commands a sufficient market premium. Ash-based routes should
therefore be selected based on product target, purification demand, and specification re-
quirements: thermochemical conversion for citrate-soluble fertilizer materials; wet-chem-
ical extraction for purified phosphate streams; combined wet-thermochemical treatment
for plant-available Ca-P phases; and acid-grade routes for technical phosphoric acid pro-

duction (Figure 4).
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Figure 4. Thermochemical, wet-chemical, and acid-grade pathways and effect factors for phospho-

rus recovery from phosphorus-rich ash.

3.5. Biochar, Algal Biomass, and Carbon-Assisted Recovery

Biochar, algal biomass, and carbon-assisted routes usually recover phosphorus as a
functional material rather than as pure mineral salt. Compared with precipitation routes,
these technologies have a broader product boundary: the recovered product may be a
slow-release mineral-carbon amendment, algal biomass, a regenerated adsorbent stream,
or a phosphate precipitate obtained after pollutant mineralization. Therefore, when eval-
uating these routes, it is necessary to consider both nutrient recovery and the additional
functions created by the process.

For sludge biochar, pyrolysis temperature is the key process parameter. Figueiredo
et al. prepared sewage sludge-derived biochar at 200, 300, 500, and 600 °C and showed
that higher temperatures increased pH, Brunauer—-Emmett-Teller (BET) surface area, pore
volume, ash content, fixed carbon, and mineral content [26]. These changes can improve
material stability and contaminant immobilization, but they do not necessarily increase
plant-available phosphorus. Neutral ammonium citrate plus water-extractable P (P-NAC)
reached a maximum at 300 °C, accounting for 79% of total P, and then decreased at higher
temperatures [26]. This result highlights a critical trade-off: higher-temperature biochar
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may be more stable, but a 300 °C biochar may have greater immediately extractable ferti-
lizer value. Thus, total P and available P should not be treated as equivalent indicators of
product quality.

Modified manure biochar provides another example in which nutrient-release be-
havior determines product value. Piash et al. co-pyrolyzed chicken manure with 10-25%
(w/w) Ca-bentonite to synthesize a slow-release biochar-based fertilizer [31]. The Ca-ben-
tonite reduced soluble orthophosphate by forming less-soluble Ca/Mg phosphates, while
exchange-site adsorption retarded K release by about 22% on average [31]. They also
found that N release was 49% lower in coarser quartz sand than in clay loam because
microbial activity was limited in the coarser medium [31]. Therefore, the value of biochar-
based fertilizer depends not only on the feedstock and binder dose, but also on the receiv-
ing soil. A product that performs as a slow-release fertilizer in one soil may not show the
same nutrient-delivery behavior in another.

Taken together, the sludge-biochar and manure-biochar examples define the first
logic of this subsection: solid P-bearing wastes can be converted into mineral-carbon
amendments, but their product value must be judged by plant-available P, nutrient-re-
lease behavior, and contaminant immobilization rather than by total P content alone
[26,31]. The same product-function logic explains why microalgal and carbon-assisted
systems are included here, although they do not produce conventional purified phosphate
salts. In micro-algal treatment, dissolved N and P are transferred from wastewater into
algal biomass while the water is simultaneously polished for reuse. Chaudry et al. mod-
eled abattoir wastewater treatment with nearly 80% water recycling, producing effluent
below 1 mg/L N and 12 mg/L P, about 2 kg biomass per m? wastewater, and 3.46-6.11 kg
COr-eq/m3 credited greenhouse-gas reduction depending on product credit [43]. The re-
covered P is therefore embedded in biomass, so its practical value depends on harvesting,
dewatering, product safety, and the intended use of the algal product. Carbon-assisted
recovery represents a third mode in which P recovery is coupled to pollutant destruction.
Wang et al. used three-dimensional hierarchically porous carbon to adsorb more than 80%
of dimethoate, desorbed and mineralized 90.8% of the adsorbed dimethoate to phosphate,
and then recovered 99.8% of the released phosphate by CaCl: precipitation [70]. Thus,
biochar, algal, and carbon-assisted routes are best understood as functional recovery path-
ways: they are most appropriate when the target is not only P recovery but also slow-
release soil amendment, treated-water reuse, biomass valorization, or the destruction of
organophosphorus pollutants (Figure 5).
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Figure 5. Biological and carbon-assisted phosphorus recovery routes grouped by product function.
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3.6. Contaminant Fate and Product Safety

Product-oriented recovery requires an explicit risk analysis of the final material. A
recovered P product is viable only when toxicity, contaminant mobility, hygienic safety,
regulatory eligibility, and agronomic or industrial performance are acceptable for the in-
tended use. Therefore, contaminant fate must be interpreted together with recovery effi-
ciency: a process that removes P from wastewater may still fail if metals, antibiotics, anti-
biotic resistance genes (ARGs), pathogens, residual organics, or process salts remain in
the marketed product [19,22,29,36,39,71].

For precipitation products, the main risk is co-precipitation or physical carry-over.
Struvite and Ca-P can incorporate or entrain Ca, K, Fe, Cu, Zn, suspended solids, and
organic matter; in swine wastewater, antibiotics and ARGs may partition differently from
phosphate and can remain relevant even when P recovery is high [31,38]. Thus, swine-
derived struvite should be assessed based on metal content, antibiotic residues, ARG in-
dicators, pathogen control, crystal purity and size, and local fertilizer acceptance, rather
than solely on O-P recovery [38,39,71].

For thermal products, pyrolysis and AshDec-type treatment reduce biological risk in
different ways. Pyrolysis can destroy pathogens and many organic contaminants and may
reduce the mobility or bioavailability of some metals, but metals are not eliminated and
can be concentrated in the biochar matrix; the formation of polycyclic aromatic hydrocar-
bons (PAHs), H/C stability, and field release behavior therefore remain product gates
[28,36,41,71]. AshDec treatment of sewage sludge ash improves the fertilizer value of min-
eral P and can volatilize part of the As, Cd, Pb, or related trace-element burden into off-
gas or filter dust, so tail-gas capture, dust handling, and Component Material Category 13
(CMC 13) or national eligibility requirements are essential parts of the product assessment
[29,32,71].

For Fe-P products and industrial streams, safety is linked to both impurity control
and the target market. Vivianite, intended as a Fe-P resource, requires magnetic separa-
bility, dry-matter enrichment, and metal/organic impurity control, whereas FePO. or
LiFePO4/C precursor routes require Fe/P stoichiometry, low Ca/Na/Mg/SOs and trace-
metal impurities, controlled particle properties, washing and drying, and electrochemical
validation. These stricter gates explain why a high-value industrial product can be less
transferable than a fertilizer route unless purification and performance are demonstrated
[26,33,45,47,66,71].

4. Life Cycle and Techno-Economic Assessment of Product-Oriented
Phosphorus Recovery

4.1. Life Cycle Assessment Framework

LCA provides a framework for evaluating the direct and indirect environmental im-
pacts of phosphorus recovery systems throughout their life cycles [72]. It can be used to
assess anthropogenic P cycling, compare wastewater- and sludge-based recovery technol-
ogies, identify environmental hotspots, and examine trade-offs among recovery efficiency,
emissions, energy demand, and product substitution [73-75]. Life cycle inventory (LCI) is
the inventory-analysis phase of LCA rather than a separate method. After the goal and
scope are defined, including the functional unit and system boundary, LCI compiles fore-
ground inputs, outputs, recovered products, residuals, and direct emissions for each unit
process. These flows are then translated into life cycle impact assessment (LCIA) indica-
tors and interpreted in accordance with the study goal [73,75].

For wastewater-based P recovery, foreground inventory data typically includes
chemical inputs, electricity and heat demand, transport, recovered P products, waste
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streams, and direct emissions. Background processes can be modeled using LCA data-
bases when required. For example, Amann et al. linked material flow analysis (MFA) and
energy flow analysis (EFA) derived mass and energy flows with Ecoinvent 3.3 to calculate
indirect emissions and indirect energy demand, while Xie et al. used open LCA with
Ecoinvent 3.7 for background-system modeling [13,75]. Thus, Ecoinvent should be treated
as a database choice in specific LCA models, not as an inherent component of LCI. The
reliability of comparisons depends on transparent reporting of the functional unit, system
boundary, multifunctionality treatment, and input-output inventory, especially for mul-
tifunctional systems such as P recovery from sewage sludge ash (55A) [72,73,75].

Figure 6 illustrates how LCI can be constructed by combining material and energy
flow analyses within the LCA workflow. MFA and SFA (substance flow analysis) track P,
recovered products, residues, and pollutant flows from wastewater treatment inputs to
final sinks or products, supporting the assessment of P recovery and depollution potential
[12,74]. EFA quantifies the energy requirements for electricity, heat, fuel, transport, and
treatment. These foreground mass and energy flows can then be connected to background
datasets, such as Ecoinvent where used, to estimate indirect emissions and indirect energy
demand and to support LCIA indicators such as cumulative energy demand (CED), global
warming potential (GWP), and acidification potential (AP) [13].

Life cycle inventory

Material Flow Analysis Energy Flow Analysis
(MFA) (EFA)

(—*—\(—k—\

Substance Flow Material Flow Energy Flow
Balance Balance Balance

l Ecoinvent data base I

Direct emissions Indirect emissions Energy | CED, cumulative energy demand |
heavy metals and gases | heavy metals and gases demand

Emissions to - ’ GWP, global warming potential ‘

atmosphere, water
bodies and soil

| AP, acidification potential \

Figure 6. LCI development for phosphorus recovery scenarios using material/substance and energy

flow analysis.

4.2. LCA-Based Techno-Economic Evaluation of P Recovery Scenarios

Given the significant divergence among phosphorus recovery studies in terms of re-
search goals, functional units, system boundaries, multifunctionality allocation ap-
proaches, and cost accounting bases [15,72,73,75], a direct comparison of absolute techno-
economic values across studies is neither valid nor meaningful. Consequently, this review
does not aim to establish a universal ranking of technologies. Instead, we systematically
delineate what the selected LCA and techno-economic studies evaluate, with the explicit
goal of clarifying for the reader the essential inventory components and accounting di-
mensions that should be considered in such assessments, rather than encouraging inap-
propriate numerical benchmarking. The representative evaluation focuses, and key find-
ings of published LCA and TEA studies are summarized in Table 3. Rather than compar-
ing absolute numerical values across studies, the table highlights the different evaluation
priorities adopted for different recovery products and application scenarios.
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Table 3. Representative evaluation focuses, and key findings from published LCA and TEA studies

for different phosphorus recovery pathways.

Primary

Method Matched Recovery Source Product Evaluation Rep resen fative Ref.
Route Findings
Focus
Ostara reduced
CED/GWP/AP by
O, o, o/ . ]
Chemical struvite . Environmental 207%/13%/24%; AirPrex
crystallization WWTP Struvite impacts (LCIA) reduced [10]
y P 31%/15%/21%, despite
relatively low influent-
P capture.
AshDec Depolluted Environmental AP decreased by 63—
thermochemical WWTP or P-rich impacts 64% under AshDec [10]
LCA conversion ash (acidification) scenarios.
Biomass yield: ~2.0 kg
Resource m=3 wastewater;
Microalgal Industrial Algal avoided GHG
) recovery and . [39]
recovery wastewater  biomass . . emissions: 3.46-6.11 kg
climate benefits
COz2-eqm™
wastewater.
. . . Avoided greenhouse-
h 1 A Itural
¢ ermc.a sicruv1te gricultura Struvite Climate benefits  gas emissions: 6522 t [47]
crystallization wastewater )
COo-eq yr.
Struvite purity: 88.5%;
. 3
Electrochemical Agricultural , Operational energy: 0.824 kWh/.m
struvite wastewater Struvite erformance wastewater; operating  [49]
P cost: 3.87 USD/m?
wastewater
Acid Ca-P or Process Process P recovery:
extraction/phosph ~ WWTP phosphorus LEACHPHOS 70%; [60]
L HsPOs
oric acid recovery EcoPhos 97%.
TEA Energy demand: 4.6
. . Energy demand  kWh kg! struvite;
Electljochermcal WWTP Struvite + and economic break-even value: 6.03  [62]
struvite H: .
performance USD kg struvite and
15.58 USD kg! He.
. . Life-cycle cost PR1: societal cost; PR2:
. e Bioavailabl .
Struvite/vivianite (societal, external cost; PR3: net
. WWTP eP [63]
recovery scenarios external, and net  cost (5.5-7.7 USD kg1
products
cost) P).
Chemical FePOs WWTP FePOsfor  Electrochemical  LiFePOs/C capacity: [76]
recovery LiFePO4/C  performance 37.3-55.8 mAh/g
Product Electrochemical Industrial Vi.vianite,' Electrochemical =~ LiFePOs4/C capacity: [42,65]
quality Fe-P recovery wastewater  LiFePOs/C  performance 52.36-56.88 mAh/g
1 . o/ .
and value FePOu purity: 99.0%;
assessmen Battery- Product qualit recovery cost: 5.42
Fe-cycle FePOu Y 4 Y uUsD kg™ P; emissions:
t WWTP grade and techno- [77]
recovery . 80.83 kg CO2kg P;
FePOs economics

LiFePO4/C capacity:
84.6-100.2 mAh g1
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FePOu purity: 98.5%;
LiFePOs/C capacity:

. i
FePOyq; Product quality 1102 mAh g%;

FePOs recovery WWTP and economic recovery cost: 6.04 [78]

LiFePOYC benefit USD kg P; net

benefit: 3.68 USD kg
P.

Note: CED, cumulative energy demand; GWP, global warming potential; AP, acidification potential;
PR1: struvite recovery scenario; PR2: vivianite recovery scenario; PR3: treated-sludge P-use sce-

nario.

For WWTP side-stream and municipal liquid routes, LCA studies primarily assess
environmental impacts associated with phosphorus recovery, including CED, GWP, AP,
and plant operation. Electrochemical recovery routes further incorporate energy con-
sumption and potential economic benefits from hydrogen co-production. Collectively,
these studies indicate that the environmental performance of municipal phosphorus re-
covery depends on the overall treatment configuration and resource recovery strategy,
rather than phosphorus recovery efficiency alone (Table 3).

For sludge and SSA pathways, the evaluation focus shifts from wastewater treatment
performance to multifunctionality, functional-unit selection, chemical and energy inven-
tories, heavy-metal management, and the agronomic value of recovered products. Conse-
quently, different studies report societal costs, external costs, environmental impacts, or
phosphorus recovery efficiencies, depending on their specific assessment objectives. This
diversity highlights that comparisons among sludge-based recovery pathways are mean-
ingful only when system boundaries and methodological assumptions are aligned (Table
3).

Agricultural and agro-industrial phosphorus recovery systems are evaluated from a
different perspective. Instead of influent phosphorus capture, these studies emphasize op-
erational performance, including nutrient removal, energy demand, operating costs, fer-
tilizer substitution potential, water recycling, and greenhouse gas (GHG) mitigation. Such
evaluation priorities reflect the dual objectives of agricultural waste management and nu-
trient recycling rather than maximizing phosphorus recovery alone (Table 3).

Industrial phosphorus recovery is predominantly product-oriented. Accordingly,
LCA and TEA studies place greater emphasis on product quality, purity, recovery cost,
electrochemical performance, and carbon emissions than on wastewater treatment effi-
ciency. This is particularly evident for battery-grade FePOs products, where product spec-
ifications ultimately determine commercial value and market competitiveness. Conse-
quently, environmental and economic assessments of industrial recovery pathways
should be interpreted together with product quality requirements rather than recovery
efficiency alone.

4.3. Synthesis: Value Creation and Circular-Economy Pathways of P Recovery

Municipal WWTP recovery should be evaluated through P capture, treatment-sys-
tem effects, environmental indicators, and cost, whereas agricultural and livestock routes
are better assessed through local nutrient recycling, fertilizer substitution, water reuse,
and avoided emissions [79,80]. Industrial routes create value only when the recovered
product meets a defined specification, such as vivianite/Ca-P resources or FePOs-related
materials, rather than a generic fertilizer claim [77,81].

For upstream of WWTPs or decentralized recovery, LCA/TEA should use source-
specific functional units, such as a volume of separated wastewater, a mass of recovered
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P, or a mass of recovered product [82,83]. The inventory should include separation or col-
lection, storage, transport, Mg/alkali or electrode inputs, sanitization or product condi-
tioning, and final fertilizer substitution [80,83].

Because liquid-phase or source-separated recovery can reduce local treatment bur-
dens while capturing less city-wide P than SSA routes, local removal efficiency should be
reported separately from total P capture across the wastewater system [79,84].

For sludge and SSA pathways, the assessment should combine treatment-function
metrics with product metrics, as results depend on allocation or system expansion,
avoided fertilizer or industrial products, changes in sludge disposal, energy and chemical
demand, heavy-metal control, and product bioavailability [72,73].

These two pathways, therefore, answer different questions: decentralized LCA asks
whether source separation justifies additional collection and conditioning, whereas cen-
tralized sludge- and ash-based LCA asks whether higher P capture from sludge/SSA off-
sets the burdens of concentration, incineration, ash treatment, chemical extraction, and
product upgrading [79,83].

This distinction prevents a single universal hierarchy of technologies [79,80]. Electro-
chemical struvite is sensitive to electricity, electrode consumption, airflow, and break-
even product values, while livestock wastewater routes are sensitive to operating costs,
fertilizer substitution, and GHG credits [34,35,80]. SSA routes are sensitive to acid/alkali
demand, energy use, purification requirements, and avoided products, whereas FePOa
routes are sensitive to product purity, electrochemical performance, recovery cost, and
carbon intensity [67,72,77].

To translate these qualitative insights into a practical tool for researchers and practi-
tioners, Table 4 presents a decision matrix that links source characteristics, recovery
routes, target products, and key LCA/TEA hotspots. The matrix follows a conditional
logic: source category (P concentration, matrix complexity, impurity profile) determines
feasible recovery routes and product options; the selected route determines which
LCA/TEA hotspots dominate; and the product specification (fertilizer vs. battery) dictates
purity and contaminant-control requirements.

Table 4. Decision matrix for P recovery route selection based on source characteristics, target prod-
uct, and LCA/TEA hotspots.

Source ..
teristics

Key Charac- Feasible Recovery Target Product

LCA/TEA H iti Limitati
Routes (Purity/Quality) CA/T otspots Conditions/Limitations

Dilute municipal Low P, high
effluent (1-15 mg flow, low im- Adsorption

Adsorbent produc- Low product value; via-
Soil amendment tion, regeneration, ble only when water pol-
(2.2-2.5% P205)  and breakthrough ishing is the primary ob-

P/L) purities time jective
Concentrated . ) Mg salt/el?ctrode P-rich streams (>50 mg/L)
.. . High P, high . . . - consumption; pH . .
municipal side NH.. Ca? in- Struvite crystalliza- Struvite fertilizer control: drving en- € economically viable;
streams (>50 mg ’ tion (CSP/ESP) (85-90% purity)  CIYINg pH < 8.0 and short HRT
terference ergy; purity vs. re-

P/L)

f .
covery trade-off avor purity

Fe/P ~1.6, high
Fe-rich digested organics, vari-

Magnetic energy;

High-gradient
ghrgradien Vivianite (70-85% recirculation num-

magnetic separa-

Robust to sludge DM var-
iations; <10 um particles

sludge able dry mat- . "~ (HGMS) purity) ber; sludge pre- . . recovery
ter treatment
Acidic industeial High P, acidic, Fe salt; H:Os dos- Fe(Il) oxidation rate (4.7 x

contains F-,
SO, heavy  H20: precipitation (>95% recovery)

streams (pH 1.5-

%) metals

104 mol/L/min) critical
for settleability; avoids
neutralization costs

Controlled Fe(Il)- FePOs+2H20 . .
ing; pH adjustment;

settleability
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Strict impurity control re-

Fermentation — se- Fermentation;
Fe-P com- lective Fe-P precipi Battery-grade FOs/acid cor; quired (Ca, Mg, Na, Cu,
. - 20 -
Iron-enhanced  plexes, organic, . preap FePOu4 (99.3% pu- . ] . Zn,Mn, Al, Ti, 5; mag-
. . . tation (pH 2 + . sumption; sintering . .
primary sludge matrix, require . . rity; LFP precur- . netic < 0.00025%); high
. H202) — sintering energy; multi-step L
fermentation or) o market value justifies
(700 °C) purification .
complexity
MgCl: preferred to avoid
High N/P, Mg/electrode cost; g-uP .
. . e e L Cu redissolution; product
. . K¥/Ca? inter- . . Struvite fertilizer antibiotic/ ARG con- .
Agricultural/live- ., . Struvite crystalliza- . . must meet local contami-
ference, antibi- (85-91% purity; tamination; heavy .. o
stock wastewater . tion (CSP/ESP) . nant limits; antibiot-
otics, ARGs, 18-40 um crystals)metal co-precipita- . . .
. ics/ARGs may limit agri-
heavy metals tion

cultural use

P 0.4-2.2 mg/g, Pyrolysis (300-600 Biochar-based Pyrolysis tempera- Low temperature (300 °C)

Crop resi- high C/P and  °C) with/without s.low-re.lease ferti- ture; energy 1npufc; favors available Pi high
dues/manures L9 ) . lizer/soil amend- Ca-bentonite addi- temperature (600 °C) fa-

lignin/P ratios Ca-bentonite .

ment tion vors slow-release P
. Staged precipitation re-

Very high P Ej)i::oigzr::j;;e_ Vivianite: multi Electrode consump- covers F- at pH 4.7, PO

Phosphogypsum (>4000 mg/L), Y ’ ’ tion; electricity; DO at pH 8.5, SO«* via elec-
e o pH <9, DO con- element recovery ] . . .
leachate acidic, F-, Ca?, . control; electrodial- trodialysis; residual P
trol); staged precip- (F-, PO+, SO#) . .
Mg, SOs?- tation ysis meets discharge standard
(<10 mg/L)

A defensible decision rule is conditional: prioritize sludge/SSA recovery when high
city-wide P capture and existing sludge/ash infrastructure are the management goal; use
decentralized recovery for separately collected high-strength streams with quantified col-
lection and hygiene burdens; select agricultural routes when local nutrient balance and
fertilizer substitution dominate; and use industrial FePOs routes only when product-grade
purity and material performance are demonstrated [80-82]. The matrix above provides a
structured reference to guide these decisions by linking source conditions, technology op-
tions, product quality, and key LCA/TEA drivers.

Crucially, the same source category may yield different products depending on the
applied technology, and the same target product may be produced from different sources
with varying quality outcomes. The matrix is not intended to prescribe a single “best”
choice, but to help users identify viable pathways and anticipate the dominant cost and
environmental drivers for each option.

5. Conclusions

This review establishes a product-oriented framework for phosphorus recovery,
demonstrating that recovery performance should not be evaluated solely by phosphorus
removal efficiency, because product quality, safety, regulatory compliance, and end-use
suitability ultimately determine the environmental and economic value of recovered
phosphorus. Four main findings emerge from this review.

First, source-product matching is essential. Phosphorus sources differ substantially
in concentration, speciation, and impurity profiles; therefore, different source types re-
quire different recovery pathways to produce products suitable for specific applications.

Second, product quality is determined not only by the source but also by process
conditions. Even for the same product, such as struvite, vivianite, or FePOs, different re-
covery technologies produce markedly different purities, which directly affect regulatory
compliance, market acceptance, and product value.
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Third, LCA/TEA results are context-dependent and not directly comparable across
studies. Differences in system boundaries, functional units, and allocation methods mean
that upstream, decentralized, sludge-based, and industrial recovery pathways address
different management objectives and therefore require product-specific evaluation crite-
ria.

Fourth, regulatory compliance must be embedded in process design. Compliance
with contaminant limits and product-quality standards should therefore be integrated
into process design from the outset rather than considered only after product recovery.

Despite the diversity of available technologies, fertilizer remains the dominant end-
use for recovered phosphorus, indicating that product diversification has lagged advances
in recovery technologies. Future progress will depend less on further increasing recovery
efficiency and more on developing higher-value products, particularly battery-grade
FePOs and application-specific fertilizers that better match market demand.

Future research should prioritize: (1) standardized quality criteria for recovered
products; (2) long-term validation of fertilizer performance and battery precursors; (3)
harmonized LCA/TEA methodologies that explicitly incorporate product specifications;
(4) pilot- and full-scale demonstrations under realistic wastewater conditions.

Overall, the central question in phosphorus recovery is no longer “how much phos-
phorus can be recovered”, but rather “what products can be produced, for which appli-
cations, and at what environmental and economic cost”. Such a transition will facilitate
the development of reliable fertilizers, industrial phosphates, and other high-value phos-
phorus products, thereby accelerating the transition toward a circular phosphorus econ-
omy.
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