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Abstract: A growing demand for phosphorus to produce lithium iron phosphate (LiFePO4) 
battery electrodes has raised concerns about further depletion of limited resources of mined 
phosphorous. Primary sludge from wastewater treatment plants could provide a highly 
sustainable source of P for battery electrodes but this material has not been successfully used 
for P recovery to make LiFePO4 electrodes. The major obstacles for recovering P from typical 
waste sludges have been the difficulty and low efficiency in P extraction, and obtaining FePO4 
of sufficient quality (purity) and durability for use in battery electrodes and avoiding 
contamination by other metals. To demonstrate the feasibility using sludge to produce high 
quality LiFePO4, we developed a new approach based on upfront P capture using Fe-enhanced 
primary sedimentation, followed by P extraction from the P-rich primary sludge using 
acidogenic fermentation, and then selective precipitation of P and Fe using acidic and highly 
oxidative conditions (pH=2, with H2O2 addition). Chemical analysis of the precipitate showed 
negligible metal impurities. The solids were sintered to produce crystalline FePO4 with a purity 
of 99.3%, which surpassed that of typical industrial sources (93.8%). The performance and 
durability of the recovered FePO4 was assessed for making LiFePO4/C cathodes. The battery 
performance based on energy discharge capacity after 50 cycles of 143±1 mAh/g was not 
significantly different (p = 0.14) than that of the control prepared with standard industrial 
FePO4 (140±2 mAh/g). An economic assessment showed that production of FePO4 for 
batteries had good economic advantages compared to P recovery for use in fertilizers. These 
findings demonstrate for the first time that battery-grade FePO4 can be economically produced 
from the phosphorus captured in Fe-enhanced primary sludge, and that the performance of 
electrodes made using this wastewater-derived material was comparable to that using 
conventional materials. 
 
 
Keywords: Wastewater sludge; FePO4; LiFePO4 cathode; Selective Fe-P precipitation; 
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1. Introduction 
Driven by the increasing demand for power batteries and energy storage capacity, 

the production of lithium-ion batteries (LIBs), particularly those using LiFePO4 (LFP) 
as the cathode material is rapidly increasing. For example, the annual production of 
LiFePO4 in China has increased by more than 17 times in the past five years, consuming 
2,371,900 tons of FePO4 in 2024 (CNMIA, 2025). The LFP cathode material, FePO4, 
possesses a high market price of ~$3200/t (http://img.baiinfo.com), and demand for this 
material is forecast to grow in coming years. The production of LFP is currently 
dependent on mined phosphorus (P), which is being used at a rate that could deplete 
known sources by the end of the century (Chowdhury et al., 2017; Zhou et al., 2025). 
Exploring cost-effective substitutes from recycled sources for P ore-based FePO4 is 
therefore essential to resolving the conflict between the growing LIB industry and P 
resource conservation (Li et al., 2018).  

Phosphorus can be locally recovered from sewage treatment plants as a sustainable 
alternative to mined sources often at distant locations. Sludge collected from the 
treatment processes contains enriched concentrations of P due to its removal from 
wastewater (Uysal et al., 2010). Efforts to recover P from wastewater sludge have 
primarily been focused on producing P-based fertilizers such as struvite and vivianite 
(Van Loosdrecht and Brdjanovic, 2014; Taddeo et al., 2018; Li et al., 2021). However, there 
are several drawbacks for economical P recovery for fertilizers, including the low 
efficiency of P extraction (10%–50%) (Wu et al., 2019), high costs of chemical reagents 
(HCl/H2SO4, NaOH, and MgCl2), and potential risks of heavy metal contaminants and 
per- and polyfluoroalkyl substances (PFAS) in the products (Taddeo et al., 2018). The 
low market value of these fertilizers (US$200–300/t) (https://www.chinabgao.com/) make 
it difficult to make P recovery profitable, and the market for the product is challenged 
by an inconsistent demand. In contrast, battery-grade FePO4 has a market price 10 times 
higher than P-fertilizers, and thus it could be a much more economically advantageous 
product. It is estimated that the recovery of P from wastewater sources could potentially 
supply the domestic LFP industry with up to 1.45 times its current P usage in China 
(Meng et al., 2018; Fan et al., 2020; Ouikhalfan et al., 2022). 

Chemical methods have previously been used for P extraction from waste sludge 
for FePO4 production (Hu et al., 2023; Zheng et al., 2023; Zou et al., 2024). However, these 
approaches have produced products that have poor purity or low performance in LFP 
batteries. For example, P recovered from sludge incineration produced solids containing 
92.9% FePO4 (Hu et al., 2023), but the resultant battery performance reached only 106 
mAh/g in terms of the maximum discharge capacity, well below the minimum discharge 
requirement of 136 mAh/g for energy storage applications (Pokhrel et al., 2018; Zou et al., 
2024). The need for large amounts of chemical reagents such as H2SO4 acid to dissolve 
P from waste sludge and the additional requirement for iron currently makes the process 
costs uneconomical (Zheng et al., 2023; Zou et al., 2024).  

Changing operational procedures at many wastewater treatment plants operations 
to make their operation more sustainable through reduced carbon emissions and nutrient 
losses offers a new opportunity to more easily capture and use both phosphorus and iron. 
In these two-stage systems the first stage captures increased amounts of carbon and 
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nutrients in the primary sludge, resulting in the second stage having enhanced effluent 
quality at reduced energy consumption (Wang et al., 2015; Dunn, 2024; Zheng et al., 2024). 
Technologies employed in the first stage for energy-saving and resource recovery 
include high rate activated sludge (HRAS) (Lee et al., 2025), chemically enhanced 
primary sedimentation (CEPS) (Taboada-Santos et al., 2020), and chemical phosphorus 
removal (CPR) (Wang et al., 2021). The first stage of treatment, when using iron-based 
coagulants, produces sludges containing iron hydroxy phosphates (Zhang et al., 2019; Li 
et al., 2020). The weakly bound P in the P-capturing primary sludge produced in the first 
stage process is more amenable for P release back into the liquid phase for recovery, 
than strongly bound P in waste sludge and incineration ashes used in previous chemical 
extraction tests (Li et al., 2018a; Taboada-Santos et al., 2020; Zou et al., 2024). Iron 
coagulated sludge is already rich in iron, in addition to phosphorus, making it potentially 
more suitable and economical for recovery and production of high-purity FePO4 for LFP 
batteries than bio-sludge-based waste sludge and other sources. 

In this study, we examined extraction and purification of FePO4 using solids 
obtained from an iron coagulated sludge produced by a two-stage treatment process. To 
release the P and Fe from the upfront P-capturing primary sludge we used acidogenic 
fermentation step (Lin et al., 2017a; Li et al., 2018b; Xue et al., 2025) to avoid the need for 
strong acids for leaching used in previous chemical approaches. This fermentation step 
was followed by selective Fe-P re-precipitation at acidic pH 2 that differed from 
previous processes by using a strong oxidizer (H2O2) to enhance selective FePO4 
precipitation with little impurities. We then sintered the precipitates to produce FePO4 
and conducted analyses to verify the lack of metal contaminants. The electrochemical 
performance of LiFePO4/C cathodes made using the recovered FePO4 as the precursor 
was examined and compared to a control using a commercial reagent FePO4. The overall 
recovery FePO4 process was also evaluated for its environmental and economic benefits 
considering mining costs and transportation. 

 

2. Material and methods 
2.1 Chemicals and materials 

The primary sludge was collected from a pilot-scale resource recovery plant at Siu 
Ho Wan Sewage Treatment Works (SHWSTW), Hong Kong. The SHWSTW employs 
chemically enhanced primary sedimentation by dosing FeCl3 at around 10 mg-Fe/L as 
the chemical coagulant for treating domestic wastewater. Similarly, in the pilot plant 
with a capacity of 10 m3/d, FeCl3 was added for the first-stage primary treatment, with 
a higher dosage of 15 mg-Fe/L applied to achieve greater levels of organic carbon 
capture and P removal from the wastewater, without pH adjustment. The continuous 
treatment process involved a rapid mixing step for 2 min, followed by slow mixing for 
15 min, and then settling for 1 h (Lin et al., 2017a; 2017b). The sediment was collected 
from the sedimentation tank as the Fe-enhanced primary sedimentation sludge, or Fe-
enhanced primary sludge (FEPS), achieving more than 90% P removal from the 
wastewater. For comparison, waste bio-sludge (WBS) was also collected as a P-
containing waste from the secondary sedimentation tank of Nanshan Wastewater 
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Treatment Plant in Shenzhen, China. The basic properties of the obtained sludge 
samples are provided in Table S1. For the subsequent experimental work, the following 
chemical reagents were purchased from Sigma-Aldrich (Shanghai, China): ferric 
chloride (FeCl3, 99%), iron phosphate (FePO4, 99%), lithium carbonate (Li2CO3, 
99.99%), glucose (C2H12O6, 99%), sulfuric acid (H2SO4, GR), nitric acid (HNO3, GR), 
hydrogen peroxide (H2O2, 30%), ethanol (C2H6O, AR), carbon black (99%), 
polyvinylidene fluoride (99%), and N-methyl pyrrolidone (AR). 

 
2.2 P and Fe release from the sludge by acidogenic fermentation 

The sludge obtained from the wastewater treatment plant was processed by 
acidogenic fermentation under naturally occurring anaerobic conditions for biological 
extraction of P (mainly PO4

3− and HPO4
2−), together with Fe (mainly Fe2+) (Li et al., 

2018b; 2019). Rice-rich food waste, a type of highly biodegradable carbohydrate-rich 
food waste (FW), was added for co-fermentation with the sludge. This FW-based 
approach has been reported as a cost-effective method to enhance acidogenesis and 
promote chemical release from the sludge (Li et al., 2020; Rathuka et al., 2024; Naveen et 
al., 2024). The rice-rich FW was collected from a student canteen of the University Town 
in Shenzhen, China, and its main properties are provided in Table S1. FW was added at 
various FW:sludge ratios to increase the initial organic matter concentration (measured 
as total volatile solids, VS) of the mixture for fermentation, resulting in initial organic 
matter concentrations of 6 and 12 g VS/L. For fermentation each 550-mL serum bottles 
were each filled with 450 mL of the mixed suspension and 50 mL of seed from a 
laboratory acidogenic fermenter. The fermentation bottles were capped with rubber 
stoppers and placed in a temperature-controlled shaker operating at 37 °C and 180 rpm. 
During the anaerobic fermentation process, the sludge mixture underwent hydrolysis 
and acidogenesis, producing volatile fatty acids (VFAs) to lower the pH, and dissolving 
Fe and P into the solution. The fermentation experiments were carried out for 6 d and 
samples were collected every 12 h to monitor the fermentation performance, specifically 
the release of Fe and P into the liquid phase of the mixture. In addition to FEPS, co-
fermentation experiments were also conducted on WBS under the same FW loading 
conditions. 

 
2.3 Recovery of Fe and P and preparation of crystalline FePO4 

After fermentation, the sludge-FW mixture was centrifuged at 3,700×g for 5 min, 
and then the supernatant was filtered (0.45-μm pore diameter membrane, Millipore 
Sigma). P and Fe in the filtrate were then recovered via selective Fe-P re-precipitation 
under strong acidic and oxidative conditions. To drive Fe-P precipitation with minimal 
chemical impurities, we used a new procedure developed to recover Fe-P from spent 
LFP battery electrodes and not previously used for chemical recovery from sludges 
(Chen et al., 2017; Yin et al., 2025). The pH of the filtrate was first adjusted from 4.5 to 
2.0 with sulfuric acid (9 M H2SO4, added dropwise). We then added 1% H2O2 (30%) to 
oxidize Fe(Ⅱ) to Fe(Ⅲ) at 40 °C, resulting in the formation of yellowish precipitates 
(Zhang et al., 2022). Under these strong oxidative conditions at low pH, P primarily 
precipitates with Fe(III), with minimal co-precipitation with other metal ions (Lou et al., 
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2021; Bahgat et al., 2024). After stirring intensely for 2 h, the suspension was left 
undisturbed for 12 h. The precipitates were obtained by filtration, with the collected 
solids washed three times with ultrapure water before drying at 105 °C for 24 h (Mao et 
al., 2015; Zhu et al., 2014). The Fe-P precipitate was sintered at 700 °C for 12 h in air in 
an oven enabling further purification through oxidation of organics (Chen et al., 2022), 
producing the final crystalline FePO4 product. For comparison with the above selective 
Fe-P re-precipitation procedure, P and Fe were also recovered from the filtrate through 
conventional precipitation by raising the solution pH to 7.0 using aqueous ammonia (Lin 
et al., 2017b). The resulting precipitate was then collected and subjected to the same 
sintering treatment. 

 
2.4 Synthesis of the LiFePO4/C cathode materials 

LiFePO4/C was synthesized using three raw materials: FePO4, Li2CO3 as the Li 
source, and glucose as the C source (Tu et al., 2025). The molar Fe:P:Li ratio was 
1:1:1.04, with glucose accounting for 20 wt% of the total mass (Zhou et al., 2017). The 
suitability of the recovered FePO4 for use in battery electrodes was examined and 
compared to commercially available FePO4. The three raw materials (FePO4, Li2CO3, 
and glucose) were mixed by ball milling at 400 rpm for 8 h with ethanol as a dispersant 
and then dried at 80 °C for 12 h in an oven. Afterward, the mixture was preheated at 400 
°C for 4 h and sintered at 700 °C for 12 h in an Ar/H2 (5%) atmosphere to produce the 
LiFePO4/C cathode materials (Veeken and Hamelers, 1999; Wang and Sun, 2012), 
according to the following equation: 

FePO4+Li2CO3+C6H12O6
Ar/H2�⎯⎯� LiFePO4/C+H2O+CO↑+CO2↑              (1) 

 
2.5 Chemical analysis 

The pH of the solution was measured using a pH meter (Starter 310, Ohaus, USA). 
The total solids (TS), volatile solids (VS), soluble chemical oxygen demand (SCOD), 
total phosphorus (TP) and orthophosphate P (PO4

3--P) were determined in accordance 
with Standard Methods (APHA, 2005). The total organic carbon (TOC) concentration 
was measured by a TOC analyzer (Elementar Vario TOC Select, Germany). VFAs 
produced during the fermentation process were quantified using a gas chromatograph 
(GC-2014, Shimadzu, Japan) following the details of Lin et al. (2017a). The 
concentrations of Fe2+ and total Fe in the suspensions were analyzed using the 
phenanthroline method (Lovley and Phillips, 1988). The contents of chemical elements 
(i.e., Fe, Al, Ca, Na, K, P, Si Mg Mn, Cu, and S) in the solid phases of the Fe-P 
precipitates, crystalline FePO4 particles, and synthesized LiFePO4 samples were 
determined with the inductively coupled plasma-optical emission spectrometry (ICP-
OES, 720ES, Agilent, USA). Prior to analysis, the samples were digested using HNO3 
and H2O2 (30%). The experimental data are reported as the averages and standard 
deviations of the results obtained in triplicate tests. 
 
2.6 Materials characterization 

The mineral phases and structures of the synthesized materials were characterized 
with X-ray diffraction (XRD, Rigaku Ultima IV, Japan). The micro-morphology of the 
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materials was characterized through scanning electron microscopy (SEM, SU8010, 
Hitachi, Japan) and transmission electron microscopy (TEM, JEOL F200, Japan). X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific Nexsa, USA) was applied to 
determine the atomic valences of the recovered FePO4 product. The thermogravimetric 
behavior was analyzed using differential scanning calorimetry (DSC, Mettler 1100LF, 
Switzerland) on the organic content in the Fe-P precipitates. The Visual MINTEQ 3.1 
model was used to calculate the concentrations of PO4

3−-P in the solution in a pH range 
of 0.0–12.0. 

 
2.7 Electrochemical measurements 

The synthesized LiFePO4/C cathode was used to assemble button batteries for 
electrochemical performance testing. The active substance (LiFePO4/C or LiFePO4), 
polyvinylidene difluoride, and acetylene black, at a weight ratio of 8:1:1, were ground 
homogeneously in an agate mortar, and the ground mixture was then mixed with the N-
methyl-2-pyrrolidinone liquid to form a slurry (Chang et al., 2024; Song et al., 2025a; 
2025b). The slurry was then placed onto aluminum foil at a uniform thickness of 0.02 
mm using an automatic film coating machine (MRX-TM300, Shenzhen Mingruixiang 
Automation Equipment, China) and then dried in an oven at 80 °C for 12 h. The 
aluminum foil with the coating layer was cut into uniform discs 12 mm in diameter to 
obtain the cathode for the electrochemical test. In an Ar-filled glove box, coin-type 2025 
half-cells were assembled with the as-prepared cathode and lithium foil as the anode. 
The cathode and anode of the battery were spaced out by a separator (Celgard 2500, 19 
mm in diameter), and 1 mol/L LiPF6 in a mixture of ethylene carbonate, dimethyl 
carbonate, and ethyl methyl carbonate (at a volume ratio of 1:1:1) was prepared as the 
electrolyte. The charge and discharge performances of the battery cells were evaluated 
between 2.0 and 4.3 V using a LAND battery test system (CT3002A, Wuhan LAND 
Electronic, China). All electrochemical tests were carried in triplets, for which the active 
material has a loading mass of 8-10 mg/cm2. 

 

3. Results and discussion 
3.1 Extraction and production of Fe-P precipitates 
3.1.1 Acidogenic fermentation for Fe and P dissolution 

The sludge obtained from the wastewater treatment coagulated using iron salts was 
combined with FW and an acidogenic fermentation was used to facilitate the dissolution 
of P and Fe species into solution. Fermentation under anaerobic conditions produced 
primarily VFAs (Lin et al., 2017b) and resulted in an acidic solution at a pH ranging 4.4-
6.4, depending on the total organic concentration (6 and 12 g VS/L) (Fig. S1). 
Specifically, the pH values after fermentation for the mixtures were 6.4 for FEPS, 4.4 
for FEPS with FW addition, 6.9 for WBS, and 4.4 for WBS with FW addition. Under 
these conditions, insoluble Fe(III) was converted to soluble Fe(II) by dissimilatory iron 
reducing bacterial, and P released primarily as orthophosphate (PO4

3− and HPO4
2−) ions 

(Li et al., 2019). Over time Fe2+ and PO4
3− continuously dissolved into the supernatant 

(Fig. 1a and 1b), with the largest concentrations obtained with the highest initial organic 
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loading concentration of 12 g VS/L, releasing 265±2 mg-Fe/L and 149±2 mg-P/L into 
the supernatant. The proportion of Fe and P dissolved into the supernatant increased 
with the initial organic concentration for co-fermentation, reaching 80% of Fe and 82% 
of P from the P-rich FEPS for the loading case of 12 g VS/L (Fig. 1c). In contrast, the 
WBS discharged from biological treatment without iron addition resulted in 
significantly lower P release efficiency under the same organic loading conditions, with 
only 14% of P dissolved from the sludge, similar to previous reports (Xue at al., 2025). 
During the fermentation process, the molar ratio of Fe:P in the supernatant of sludge 
generally increased over time, indicating a slower release of Fe than P (Fig. 1d). For 
FEPS, the Fe:P ratio in the supernatant was very close to unity (0.98) at the highest 
loading after 132 h of fermentation. While chemical leaching from the sludge using 
concentrated H2SO4 can achieve similar Fe and P dissolution efficiencies (~80%) (Fig. 
S2), the use of chemical reagents is avoided here with the acidogenic fermentation.  

 
Fig. 1. Acidogenic co-fermentation of the sludge mixture based on the initial organics 
concentration based on volatile solids (VS): (a) Fe2+ and (b) PO4

3−-P in the fermentation 
supernatant; (c) P, Fe, and COD distributions in the supernatant and sludge residue at the end 
of fermentation and (d) the Fe2+:PO4

3−-P molar ratio in the fermentation supernatant. 
 

3.1.2 Selective precipitation of Fe and P from the supernatant 
The fermentation supernatant was adjusted to pH 2 using a small amount of acid 

(i.e., 1.8 mmol/L, around 5-10% of that typically used in acid extraction processes), 
followed by H2O2 addition to produce strong oxidizing conditions for selective Fe-P re-
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precipitation, where H2O2 serves to oxidize Fe2+ to Fe3+, promoting efficient Fe-P 
precipitation. The dosage, reaction time, and temperature were optimized to ensure 
complete Fe2+ oxidation while minimizing phosphate loss and undesirable oxidation of 
organic matter. Up to 79% of the Fe (209±2 mg/L) and 81% of the P (121±1 mg/L) were 
precipitated and recovered for the VS = 12 g/L sample (Fig. 2a), achieving an overall P 
recovery ratio as high as 66% from FEPS. The concentrations of other metal ions in the 
supernatant, including Ca, Na, and Mg, only slightly decreased in the solution (<34±5 
mg/L in total) after Fe-P precipitation (Fig. S3), indicating their limited precipitation 
with Fe and P under these conditions. The co-precipitation method enables the 
precipitates to achieve uniform nanoscale sizes. SEM images of the yellowish 
precipitates showed slightly spherical particles with diameters of 100–150 nm (Fig. 2b). 
In addition, these nanosized particles tended to agglomerate into larger clusters, 
consistent with the observations reported by Bahgat et al. (2024). The XRD pattern did 
not show characteristic peaks for crystalline structures (Fig. 2d), indicating amorphous 
phases of the Fe-P precipitate. An ICP-OES analysis confirmed that P and Fe were the 
predominant inorganic elements present in the precipitate, at a molar ratio of 1:0.96, 
followed by S (6.0%), Na (1.9%), Ca (1.2%), K (0.9%), and Al (0.6%) based on their 
atomic ratios relative to P (Fig. 2e). These percentages of impurities in the precipitate 
were considerably lower than those in the collected sludge (Fig. S4). This level of 
impurities was much lower than that of the other recovered P-products reported in 
literature, such as vivianite (Ca 4.8% and Mg 6.4% relative to Fe) (Li et al., 2021) and 
struvite (Zn 0.6% and Hg 0.7% relative to Mg) (Uysal et al., 2010).  

The low amounts of these chemical impurities obtained here in the precipitated 
solids were due to the acidic pH and strong oxidation conditions by using H2O2. Under 
these conditions the majority of P tends precipitates as FeHPO4

+ and FeH2PO4
2+ (Fig. 

2f). Precipitating Fe and P from water is generally regarded as straightforward, typically 
forming vivianite (Fe3(PO4)2) (Lin et al., 2017b; Li et al., 2018a). For comparison, 
additional tests were conducted using simple precipitation by adjusting the solution pH 
to 7, a common method for recovering P-fertilizers from sludge suspensions (Liao et al., 
2024). When the pH was increased from 4.4 to 7, the solids, identified as vivianite (Lin 
et al., 2017b), exhibited particle sizes ranging 3-7 µm, which were much larger than 
particles formed with acid treatment under H2O2 addition (Fig. 2c). P and Fe remained 
the dominant inorganic elements in the precipitate, present at a molar ratio of 1:2.7 (Fig. 
2e). However, as expected, co-precipitation readily occurred between P and the 
numerous impurity ions in the solution, including Ca (31.4%), Mg (4.6%), Mn (2.6%), 
S (2.1%), Si (1.9%), Na (0.8%), Al (0.7%), and K (0.2%). These high levels of 
impurities co-precipitated at pH 7 would significantly compromise the quality of FePO4 
to be recovered. Therefore, by setting a low pH of 2.0 for Fe-P precipitation can 
effectively minimize the co-precipitation of competing metal ions. However, as 
observed here (Figs. 2a and S3), precipitation would not occur under such strongly acidic 
conditions at pH 2. In this content, oxidizing Fe(Ⅱ) to Fe(Ⅲ) with H2O2 enabled P to 
precipitate with Fe even under acidic conditions at pH 2, with minimal co-precipitation 
with other impurity ions (Fig. 2e).  
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Fig. 2. Recovery of the Fe-P precipitate from the fermentation supernatant liquor: (a) 
distributions of P and Fe concentrations and organic contents in the supernatant and Fe-P 
precipitate after selective Fe-P re-precipitation under pH 2 with H2O2 addition, pH 2, and pH 7 
conditions, (b) and (c) SEM images of the recovered Fe-P precipitate at pH 2 with H2O2 
addition and pH 7 (inset: photograph of the precipitate powder), (d) XRD pattern and (e) ICP-
OES analysis of the element content of Fe-P precipitate formed at pH 2 with H2O2 addition 
and pH 7, and (f) prediction of various complexation chemical species in the presence of 
phosphate ions as a function of pH. 

 
3.2 Sintering of Fe-P precipitate for FePO4 formation and purification  

The Fe-P precipitates were sintered at 700 °C to remove organic matter (initially 
48% by mass) and to crystalize the FePO4 (Wang and Sun, 2012; Zhou et al., 2017). XRD 
patterns obtained following sintering indicated successful transformation of the 
precipitate from an amorphous to a crystalline FePO4 structure (Fig. 3a). The sharp and 
intense peaks observed at 20.38°, 25.93°, 38.14°, and 48.58° corresponded with the 
characteristic peaks for crystalline FePO4 (PDF # 77-0094), and no other peaks were 
detected. The morphology of the crystals observed using SEM indicated large spherical 
particles 200–250 nm (Fig. 3b), suggesting FePO4 crystallization and growth with the 
elevated temperature (Laouini et al., 2025). Based on analysis using differential scanning 
calorimetry (DSC) (Fig. 3c) at temperatures greater than 530 °C up to 44% of the total 
mass was lost due to evaporation of crystal water (Zhu et al., 2014) and oxidation of 
organic matter. The decrease in total organic carbon (TOC) from 208 mg/g to 0 in the 
sintered product indicated the complete elimination of organics. Based on the mass 
losses, the organic matter accounted for 20.8% of the total mass of the precipitate, while 
crystal water accounted for 21.0%, closely matching the theoretical crystal water content 
of 20% for strengite (FePO4·2H2O). Two endothermic effects were observed from the 
DSC curves at 190 °C and 280 °C, which correlated with the losses of water and sulfur, 
respectively. Two additional endothermic effects were observed in the DSC curves at 
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360 °C and 500 °C that correspond to the differential thermogravimetric peaks, with 
these two peaks attributed to the oxidation of carbonaceous organics. Both the DSC and 
thermogravimetric curves remained stable after 530 °C for the phase transition of the 
FePO4 precipitate from its amorphous phase to the crystalline phase (Yuan et al., 2024; 
Boonchom and Puttawong, 2010). 

XRD analysis of the particles produced by sintering using the Fe-P precipitate 
produced by pH adjustment to pH 7 without H2O2 treatment indicted the transformation 
of amorphous precipitate into crystalline Fe-P compounds (Fe4(P4O12)3) (Fig. S5), but 
also indicated peaks of impurities such as Ca9Fe(PO4)7. ICP analysis and SEM mapping 
further confirmed high contents of impurities in the sintered product (Fig. S5). Therefore, 
the FePO4 crystal obtained from the Fe-P precipitate formed at pH 2 with H2O2 addition 
was used as the precursor for the synthesis of LFP cathodes. 

After sintering of the Fe-P precipitate, the mass content of Fe increased from 186 
mg/g to 359 mg/g in the FePO4 product, and P increased from 107 to 207 mg/g (Fig. 3d). 
EDS elemental mapping (Fig. S6) indicated a relatively uniform distribution of Fe, P, 
and O in the FePO4 product. XPS (Figs. 3f, and S7) further confirmed the presence of 
Fe, O, and P elements. The characteristic peaks in the XPS spectra were assigned to Fe 
2p1/2 and Fe 2p3/2 with binding energies of 726.63 and 713.13 eV, respectively, 
indicating a +3 valence of Fe (Zeng et al., 2017). The content of FePO4 in the sintered 
product was 99.3% (Fig. 3d), which was higher than the standard of industrial battery-
grade FePO4 in China (HG/T 4701-2021) (≥93.8% at an Fe:P ratio of 0.96–1.0). These 
results show that air sintering at 700 °C was an effective method for producing 
crystalline FePO4 suitable for battery applications. 

 
Fig. 3. Characterization of the sintered precipitate - crystalline FePO4 product: (a) XRD 
profile, (b) SEM image, (c) thermogravimetric behavior and DSC analysis of the sintered 
product (FePO4), (d) elemental distributions of P, Fe, O, other metals, and impurities in the 
sintered FePO4 product, (e) relative molar ratios of elements (relative to P) in the recovered 
Fe-P precipitate and FePO4 product, and (f) high-resolution XPS spectrum of the Fe 2p regions 
of the FePO4 product. 

 
3.3 Use of the FePO4 product for LiFePO4/C cathodes  
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3.3.1 Characterization of the LiFePO4/C cathode material 
Cathodes made with LiFePO4/C using the recovered FePO4 were examined based 

on morphology and chemical content compared to those of a commercially available 
material. The LiFePO4/C particles prepared using the recovered FePO4 displayed a 
similar near-circular lamellar structure (Fig. 4a and 4b). These particles of 200-250 nm 
(Fig. 4a) were smaller than those (500-900 nm) prepared using the commercial reagent 
FePO4 (Fig. 4b). Smaller particles are more favorable for ion transport through LiFePO4 
cathodes (Phan et al., 2019; Akhmetova et al., 2024). The TEM images of the two 
LiFePO4/C samples in Fig. 4c and 4d indicate a carbon coating with a thickness of 8-14 
nm, which can improve conductivity of the cathode material and help to suppress the 
overgrowth of LiFePO4 particles (Wang and Sun, 2012). The particles prepared from both 
the recovered FePO4 and reagent FePO4 exhibited almost identical XRD patterns 
without impurity peaks (Fig. 4e). The wide scan XPS spectra confirmed the similar 
presence of Li, Fe, O, and P elements in both of these samples (Fig. 4f). 

 
Fig. 4. Characterization of the LiFePO4/C cathode materials for the comparison between (a, c) 
the recovered FePO4 and (b, d) reagent FePO4 using SEM (a, b) and TEM (c, d), and (e) XRD, 
and (f) wide-scan XPS. 

 
3.3.2 Electrochemical performance of the LiFePO4/C cathode 

The electrochemical properties of the LiFePO4/C cathodes using the recovered 
FePO4 were compared to those using a commercial FePO4 reagent. The initial specific 
discharge capacity of the synthesized LiFePO4/C cathode at a C-rate of 0.1C reached 
151±2 mAh/g, which was not significantly different from the 148±2 mAh/g observed 
for the reagent-based LiFePO4/C cathode (p = 0.14) (Fig. 5a). The cathodes prepared 
using the recovered FePO4 had better performance than those previously reported by 
Chen et al. (2022) of 136 mAh/g from spent LFP batteries and 37.3-107 mAh/g from 
wastewater sludge (Table 1). Charge–discharge curves of both cathode samples showed 
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a typical voltage plateau at ~3.4 V, corresponding to the characteristics of Li+ 
intercalation/deintercalation between the LiFePO4 and FePO4 phases (Zhou et al., 2017).  

The cathodes with the recovered FePO4 also exhibited good long-term cyclic 
performance at 0.1C based on testing over 50 cycles (Fig. 5b), with slightly higher 
capacity retention efficiency of 96.7% compared to 92.6% for the commercial material. 
The LiFePO4/C cathodes prepared from the recovered FePO4 retained a higher discharge 
capacity of 143±1 mAh/g than the reagent-based cathode (140±2 mAh/g) after 50 cycles. 
The higher purity and the more uniform and smaller particle size of the FePO4 precursors 
were likely responsible for the more stable electrochemical performance (Wang et al., 
2019; Akhmetova et al., 2024). Cathodes using the Fe-P precipitate without sintering for 
purification had much poorer performance with an initial specific discharge capacity of 
only 125±2 mAh/g (Fig. 5). 

 
Fig. 5. Battery performance of the LiFePO4/C cathodes synthesized using the different Fe-P 
precursors, including the recovered Fe-P precipitate, sintered FePO4 product, and chemical 
reagent FePO4: (a) initial charge/discharge curves under 2.0–4.2 V at 0.1C, (b) cyclic 
performance at 0.1C (inset: apparent morphology of the different Fe-P precursors). 

 
Table 1. FePO4 recovery and its corresponding LiFePO4/C electrochemical performance. 
P source Fe source Leaching 

reagents 
P recovery 
efficiency 
(%) 

Purity 
of 
FePO4 

(%) 

LFP/C 
cathode 
(mAh/g) 

Reference 

Incinerated 
sludge ash 

FeCl3 H2SO4 99.6% 92.9% – Hu et 
al., 
2023 

Municipal 
wastewater 
(0.2 mg-P/L) 

FeCl3 Fe-NH2-
polyacrylonitrile 
(PAN) 
adsorbent 
+H2SO4 

88.5% 91.4%-
96.3% 

37.3-55.8 

 

Zheng 
et al., 
2023 

Slaughterhouse 
wastewater 
(48.9 mg-P/L) 

91.3% 82.7% 

Slurry from 
sludge 

75% 97.2-
98.1% 

100.4-106.7 Zou et 
al., 
2024 
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anaerobic 
digestion 

Slurry from 
sludge 
anaerobic 
digestion 

Polymerized 
ferrous 
sulfate 
(PFS) (Fe 
≥ 21%) 

H2SO4 94.8% 93.5 % 82.5-100.4 Wang et 
al., 
2024 

Fe-enhanced 
primary 
sedimentation 
sludge 

No 
chemicals 

Food waste (No 
chemicals) 

81% 
P 

99.3% 151.3 This 
study 

 
3.4 Significance for clean energy and environmental sustainability 

There are several economic incentives for using the recovered FePO4 to produce 
LiFePO4 electrodes that include its high value relative to other products, and decreased 
overall carbon emissions. The FePO4 material produced is equal to, or of a higher quality, 
than the commercial material tested here. The recovered FePO4 is greater value as a 
source for electrode materials ($3,200/t) compared to recovery of P for use in fertilizers 
($300/t). Mg addition is also typically required to make struvite-type fertilizers, which 
is an additional cost not required for producing FePO4. 

Possible additional economic benefits based of the FePO4 were investigated using 
the EverBatt model developed by Argonne National Laboratory (Dai et al., 2019). For 
the production of LiFePO4 cathodes, using FePO4 recovered from the P-rich primary 
sludge reduced the costs by $3,470/t–$4,164/t compared to using mined P and Fe when 
considering costs due to P mining and its transportation, and it decreased the carbon 
emission by 0.4–0.5 ton CO2/t with an energy saving of 30,560 MJ/t–36,672 MJ/t (Table 
2). By using Fe-facilitated primary sedimentaion for organic and P removal, up to 95% of P in 
raw wastewater can be captured into FEPS (Lin et al., 2017b). Taking into account the release 
of P during sludge fermentation (82%) and the subsequent Fe-P precipitation efficiency (79% 
Fe and 81% P) obtained in this study, the overall efficiency of P recovery from municipal 
wastewater would be as high as 63% to produce high-quality FePO4 for the LiFePO4 cathodes. 
In 2021, the total amount of urban wastewater discharge in China was 62,507 million m3, 
containing approximately 250,030 tons of P (MOHURD, 2022). With the 66% recovery ratio 
of P from wastewater established in this study, approximately 790,700 tons of FePO4 would be 
produced, which would potentially supply 106% of FePO4 for the LFP battery industry in China. 
As a result, 1.9 million tons (at 20 wt% P2O5) of natural P ore could be saved, approximately 
38% of China’s annual phosphorus consumption for fertilizers (5.0 Mt in 2017) (Gong et al., 
2025). The analysis highlights the economic viability, as well as the environmental 
sustainability, of P recovery from wastewater sludge. The LiFePO4/C cathodes 
synthesized from the recovered FePO4 could be used for LFP batteries in large-scale 
energy storage systems, where decommissioned power batteries are commonly used 
(45–120 mAh/g) (Martinez-Laserna et al., 2018). This amount of FePO4 if recovered from 
wastewater treatment plants in China would be sufficient to meet its current domestic 
LFP battery production (Fig. 6). By using this recovered FePO4, natural phosphate 
resources could be conserved, thus providing benefits of both avoiding P extraction and 
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providing a recycled and clean-energy supply for the ever-growing energy storage 
industry. 

 
Table 2. Cost-benefit analysis performed with the EverBatt model (Lou et al., 2021): comparison of (i) 
the proposed P recovery from FEPS with (ii) virgin P manufacturing for LFP production and (iii) P 
recovery from WBS for P-fertilizers (Desmidt et al., 2015; Egle et al., 2016; Pradel et al., 2019). 

Method Energy consumption 
(MJ/t) 

CO2 emission 
(kg CO2-eq/t) 

Cost  
($/t) 

Revenue 
($/t) 

(i) P recovery from FEPS 
for LFP cathodes 

91,980 - 110,376 7,538 - 9,046 20,000 - 24,000 8,100 - 9,720 

(ii) Virgin P 
manufacturing for LFP 
cathodes  

122,540 - 147,048 7,951 - 9,541 23,470 - 28,164 5,500 - 6,600 

(iii) P recovery from 
WBS for P-fertilizers 

80,417 - 108,024 16,000 - 17,778 6,420 - 10,700 -745 - -1,100 

 
Fig. 6. Material flow analyses for P and C from wastewater and Fe throughout the proposed treatment 
system, with the amounts and percentages of the materials and products indicated (values in brackets 
are the amounts of materials in tons for 1 million m3 of wastewater). 

 

4. Conclusions 
A new and sustainable method was shown to be effective for recovering P and Fe 

from wastewater sludge to produce FePO4 for LFP batteries. Up to 82% of P was 
dissolved via acidogenic fermentation from the P-capturing primary sludge into the 
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supernatant to reach a high concentration of 149±2 mg-P/L. Precise regulation of the 
solution pH at 2.0 and a strong oxidative condition with H2O2 in the fermented 
supernatant resulted in re-precipitation of P with Fe, achieving a P recovery efficiency 
of 81% with little metal impurities. Through sintering of the Fe-P precipitate for product 
refining, the precipitate was transformed into crystalline FePO4 with a high purity of 
99.3%. The LiFePO4/C cathode prepared from the recovered FePO4 exhibited an 
excellent specific discharge capacity of 148± 3 mAh/g after 50 cycles at 0.1C, 
comparable to the performance of chemical reagent-based cathodes. The battery-grade 
FePO4 is a more value-added P recovery product than P-fertilizers. Overall, the research 
findings provide a viable and sustainable method for P recovery with considerable 
economic gains from P-rich sludge and similar wastes for LFP batteries, benefiting 
resource conservation, environmental protection, and clean and renewable energy 
applications. 
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