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Abstract 17 

The transformation of Fe-P complexes in bioreactors can be important for phosphorus (P) 18 

recovery from sludge. In this research, X-ray absorption near edge structure (XANES) analysis 19 

was conducted to quantify the transformation of Fe and P species in the sludge of different 20 

aging periods and in the subsequent acidogenic sludge co-fermentation for P recovery. Density 21 

functional theory (DFT) was applied to analyze the intermediates during the transformation of 22 

the identified Fe and P species. P was readily removed from wastewater by Fe-facilitated 23 

chemical precipitation, and could be extracted and recovered from sludge via acidogenic co-24 
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fermentation with food waste. Fresh Fe-P-containing sludge was more favorable than aged 25 

sludge for Fe-P mobilization and dissolution via acidogenic fermentation and microbial iron 26 

reduction. The DFT results indicated that ferric iron dosed into wastewater underwent rapid 27 

hydrolysis, clustering, aggregation, and slow crystallization to form hydrous iron oxides (HFO) 28 

with various complicated structures. The fresh Fe-based sludge mainly contained fresh 29 

ferrihydrite and amorphous FePO4 with sufficient accessible surface area for microbial reaction. 30 

With the aging of sludge in bioreactors, the HFO densified into crystal phases (e.g., goethite) 31 

with much reduced surface area and reactivity, which greatly increased the difficulty of P 32 

recovery. Thus, aging of P-containing sludge should be minimized in wastewater treatment 33 

systems for the purpose of P recovery.  34 

Table of Contents (TOC) 35 

 36 

 37 

1. Introduction 38 

Phosphorus (P) is a limited a resource related to food security. With the rapid consumption 39 

of natural phosphate rock, the crisis of P depletion has been predicted to happen before the end 40 
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of this century.1 Sustainable utilization and recovery of P resources are urgently needed. Every 41 

year, around 1.3 million tons of P pass through wastewater treatment plants (WWTPs) globally. 42 

Recovery of P from wastewater streams would satisfy an estimated 15-20% of the global P 43 

demand and considerably alleviate the P crisis.1 P is known as an important nutrient pollutant 44 

in wastewater discharge. To meet the stringent discharge limit (<0.2 mg/L in China2), WWTPs 45 

commonly apply the chemical P removal (CPR) method, which involves dosing metal salts 46 

into wastewater to precipitate and remove phosphate from the liquid phase. FeCl3 is an efficient 47 

chemical flocculant for such an application. For instance, FeCl3 has been dosed into membrane 48 

bioreactors (MBRs) to improve the P removal efficiency.3 With this Fe-facilitated chemical 49 

treatment, the effluent P concentration can be reduced to as low as 0.1 mg/L,4, 5 and most of 50 

the residual P is concentrated in the Fe-based sludge. It is desirable to recover the residual P 51 

from this Fe-based P-containing sludge. In fact, the recently approved German Sewage Sludge 52 

Ordinance legally requires P recovery from sewage sludge in all German WWTPs of larger 53 

than 50,000 person equivalents.6 54 

Chemical acidification extraction is a commercial method of extracting P from chemically 55 

enhanced sludge, which however is expensive and causes secondary pollution.7 Enhanced 56 

biological phosphorus removal (EBPR) combined with anaerobic sludge digestion is another 57 

strategy for both P removal and recovery in wastewater treatment. However, the startup of the 58 

EBPR process can be difficult as it requires stringent operating conditions and often suffers 59 

from poor stability in operation.8 In recent studies, an acidogenic P recovery (APR) method 60 

has been developed, in combination with the CPR process, to achieve effective and 61 

environmentally friendly P recovery in wastewater treatment.9 The process utilizes the different 62 

solubility of ferric and ferrous compounds, transforming the former to the more soluble latter 63 

through biological dissimilatory iron reduction via acidogenic sludge fermentation. The 64 

resulting FeII-P complexes are more easily dissolved, releasing P into the liquid phase of the 65 
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sludge for potential recovery. The overall efficiency of P recovery from wastewater by the 66 

CPR-APR process can reach as high as 60%.  67 

However, the transformation of Fe-P complexes in wastewater treatment systems is 68 

complex, and its influence on P recovery has not been fully understood. The long retention 69 

time of Fe-P sludge in aerobic bioreactors makes Fe-P complexes more complicated, affecting 70 

their solubility during sludge fermentation for P extraction and recovery. Bacteria, such as iron-71 

oxidizing bacteria (IOB) and iron-reducing bacteria (IRB), can utilize Fe as an electron donor 72 

or acceptor in metabolic activities. The interactive biological and chemical reactions in the 73 

aqueous and solid phases in relation to the transformation of Fe and P species have not been 74 

well addressed. The effect of the aging process of Fe-based sludge in bioreactors on the 75 

efficiency of P recovery from the sludge by the subsequent APR has also not been investigated. 76 

The chemistry of iron with P is very diverse.10-12 As a transition metal, the valence state of 77 

iron (Fe) can vary from -2 to +6, whilst +2 (FeII) and +3 (FeIII) are the most common states. 78 

The hydrous form of FeIII can form various insoluble chemicals, termed hydrous iron oxides 79 

(HFO), including ferrihydrite, goethite, akaganeite, and lepidocrocite.10 In wastewater 80 

treatment, the Fe-P complexes are usually found in either FePO4-containing minerals or in the 81 

form of P adsorbed onto HFO.13 The transformation of HFO structures alters their behavior in 82 

both biological and chemical reactions. Georgaki et al.14 found that the acid leaching reactivity 83 

of Fe-rich sludge decreased as the sludge aged due to increases in particle size and/or degree 84 

of crystallinity. Bonneville et al.15 conducted experiments on microbial iron reduction of 85 

different crystalline iron oxides by the Shewanella alga strain BrY and found that amorphous 86 

iron oxides with a higher surface area were more favorable for IRB growth and iron reduction. 87 

However, the mechanisms of Fe-P complex formation and their further transition and aging in 88 

sludge in relation to P recovery in APR bioreactors are urgently required.  89 

In this study, the transformations of Fe and P species in Fe-P-containing sludge after 90 
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different retention periods in aerobic bioreactors were fully investigated, as well as their effect 91 

on P extraction from the sludge during the APR process. A powerful characterization technique, 92 

X-ray absorption spectroscopy (XAS), was implemented for Fe and P species analysis, which 93 

is known to be able to quantify species compositions in sludge.13 Based on the X-ray absorption 94 

near edge structure (XANES) analysis, the Fe and P species in the sludge after different 95 

retention periods, and the corresponding transformations during the acidogenic fermentation 96 

process, were revealed in details. As the intermediates during the Fe and P transformation are 97 

difficult to be detected directly, a computational method was further applied to analyze the 98 

possible intermediate forms between the Fe-related compounds identified from the XANES 99 

results. The findings on the transformations of Fe and P in sludge after different aging periods 100 

provide new insights into the pathways and controlling factors for effective P removal and 101 

recovery in chemical-biological wastewater treatment systems. 102 

 103 

2. Materials and Methods  104 

2.1 Retention and aging of Fe-P precipitate-containing sludge in bioreactors 105 

Raw municipal wastewater was collected from Nanshan Wastewater Treatment Plant in 106 

Shenzhen, China. The wastewater had a chemical oxygen demand (COD) concentration of 107 

around 150 mg/L, a total phosphorus (TP) concentration of around 5 mg/L, and a total nitrogen 108 

(TN) concentration of around 21 mg/L. Seed-activated sludge was also obtained from the 109 

aerobic tank in the same wastewater treatment plant. 110 

Fe-P-containing sludge was prepared from the wastewater by the CPR method. As a 111 

chemical coagulant, FeCl3 (15 mg-Fe/L) was dosed into the raw wastewater for rapid mixing 112 

(200 rpm) for approximately 5 min in a stirring tank, followed by 15 min of slow mixing and 113 

30 min of sedimentation. The settled sludge was then collected for the subsequent experimental 114 

study in the bioreactors.  115 
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The aging and transformation of the Fe-P complexes in the sludge were investigated in 116 

aerobic MBRs. Two MBRs were operated in parallel, each having a working volume of 25 L. 117 

The Fe-P sludge was mixed into the activated sludge with a mixed-liquor suspended solids 118 

(MLSS) concentration of about 4.9 g/L in the MBRs. Aeration via an air diffuser at the bottom 119 

kept the dissolved oxygen (DO) at around 3.0-3.5 mg/L in the MBRs. Synthetic wastewater 120 

was supplied as the influent containing 100 mg-COD/L of glucose, 20 mg-N/L of ammonia, 121 

and 50 mg/L of NaHCO3. The use of MBRs prevented the loss of Fe-P precipitates from the 122 

sludge suspension. The MBRs were operated at a low loading condition with a low sludge yield, 123 

and the sludge production was approximately balanced by the sludge sampling from the 124 

bioreactors, resulting in little change of the MLSS concentration during the 1-month MBR test. 125 

The sludge mixture was sampled from the MBRs after the pre-determined aging periods, i.e., 126 

0, 4, 7, 10, and 30 d, which were equivalent to the solids retention times (SRTs) of the Fe-P 127 

sludge in the bioreactors. Before the subsequent test of APR, the sludge samples were analyzed 128 

for suspended solids (SS), volatile suspended solids (VSS), and Fe and P species.  129 

2.2 Batch experiment for acidogenic P extraction and recovery from the sludge  130 

The Fe-P-rich sludge from the MBRs was processed by co-fermentation with food waste 131 

for P extraction and recovery from the sludge. For the APR, each sludge sample after a certain 132 

retention period in the MBRs (i.e., 0, 4, 7, 10, or 30 d) was mixed with food waste in a 500-133 

mL glass bottle as an anaerobic fermenter. The sludge suspension placed in the fermenter 134 

contained about 5 g/L of SS, with around 287 mg/L of TP and 833 mg/L of total iron (TFe). 135 

Food waste was collected from the school canteen in Shenzhen University Town and crushed 136 

into slurry, which was added into the sludge suspensions to have 6 g-COD/L in the fermenters. 137 

Under anaerobic conditions, sludge with a rich organic content undergoes acidogenic 138 

fermentation.16 The co-fermentation experiment for each MBR sludge sample was conducted 139 

for 6 days in duplicate. During the process, P and Fe were expected to be released from the 140 
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solid phase into the supernatant of the sludge. The sludge mixture was sampled every day for 141 

measurement of pH, SS, VSS, soluble orthophosphate (SP), soluble ferrous iron (SFeII), and 142 

volatile fatty acids (VFAs). After the 6-d co-fermentation, the sludge was sampled and 143 

centrifuged at 6000 rpm for 15 min and the sludge pellet was retrieved. The sludge pellet was 144 

freeze-dried overnight to prepare the powder sample for the XANES analysis. Before the co-145 

fermentation, the activated sludge from the MBRs was also centrifuged to obtain the sludge 146 

pellet for the XANES analysis. The dry sludge powder was kept in a glass bottle filled with N2 147 

and stored at -20°C before XANES. 148 

2.3 X-ray absorption near edge structure spectroscopy for P and Fe speciation 149 

The P and Fe speciation in the sludge samples was determined by XAS on beamline 16A1 150 

at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. The powder 151 

samples and references were pressed into pellets 5 mm in diameter and 1 to 2 mm in thickness, 152 

which were immediately pasted on Kapton tape before measurement. The P and Fe species 153 

were detected by P K-edge (2145.5 eV) and Fe K-edge (7112.0 eV) radiation, respectively, 154 

using a Si(111) double-crystal monochromator. The X-ray energy was calibrated by measuring 155 

the LIII-edge of Nb foil for P with E0 at 2153.4 eV and Fe metal foil for Fe with E0 at 7124.6 156 

eV. E0 was calculated as the maximum peak energy of the 1st derivative of the spectra. The 157 

measurement was performed in fluorescence mode using an ionization chamber filled with 158 

helium gas (for I0) and a Lytle detector filled with nitrogen gas (for If) under ambient 159 

temperature and pressure. The representative Fe and P reference compounds selected for 160 

XANES analysis, including amorphous ferric phosphate, strengite, vivianite, phosphate 161 

adsorbed on HFO, phytic acid sodium salt hydrate, hydroxyapatite, newberyite, sodium 162 

phosphate dibasic, ferrihydrite, goethite, akaganeite, lepidocrocite, siderite, melanterite, 163 

ferrous chloride tetrahydrate, pyrite, magnetite, ferric oxide, ferrous oxide, ferric nitrate 164 

nonahydrate, ferrous oxalate dihydrate, and ferric citrate, are listed in supporting information 165 
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(Figure S1). Details of the chemical suppliers and the references for the synthesis procedures 166 

are also provided in the supporting information. 167 

The collected XANES spectra were first processed by principal component analysis (PCA) 168 

and target transformation (TT) using the SIXPack code17, 18 to select appropriate reference 169 

compounds possibly existing in the sludge samples. The linear combination fitting (LCF) 170 

analysis in the Athena program was further applied to identify and quantify the Fe and P species, 171 

as well as their fractions, in the sludge samples.19 172 

2.4 Analytical methods 173 

All samples were analyzed in triplicate, and the results obtained are the mean values with 174 

standard errors of the measurements. The concentrations of COD, TN, SP, TP, SFeII, TFe, SS, 175 

and VSS were measured according to Standard Methods.20 For determining the concentrations 176 

of soluble chemicals, the samples were filtered via a 0.45-μm PVDF membrane (Millipore) 177 

and the filtrates were measured. For detection of total FeII (TFeII) and total FeIII (TFeIII) in 178 

sludge, 100 mL sludge was diluted to 1000 mL with deionized water and the pH was reduced 179 

to below 2 by adding HCl to dissolve all iron species into the liquid phase.12 The solution was 180 

then stirred for 1 h, and the concentrations of TFeII and TFeIII in the filtrate were determined. 181 

The insoluble FeII and FeIII can be calculated by subtracting SFeII and SFeIII from TFeII and 182 

TFeIII, accordingly. 183 

The pH was measured by a Starter 2100 pH meter (OHAUS), the dissolved oxygen (DO) 184 

concentration was detected by an HI 2030 DO meter (HANNA), and the oxidation-reduction 185 

potential (ORP) was measured by an HI 98201 ORP meter (HANNA). Volatile fatty acids 186 

(VFAs) were measured by an Agilent 6890 gas chromatograph (GC) with an Agilent 19095F-187 

123 capillary column and a flame ionization detector, following the method described 188 

previously.9  189 
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2.5 Computational 190 

The energies of the Fe-related compounds were calculated using density functional theory 191 

(DFT) in the Vienna Ab-initio Simulation Package (VASP).21 The projector-augmented wave 192 

(PAW) method was used to describe electron-ion interactions.19,20 The generalized gradient 193 

approximation (GGA)+U parametrized by the Perdew-Burke-Ernzerhof (PBE) 194 

pseudopotential was applied to correct the on-site Coulomb repulsion of 3d electrons of Fe 195 

with Ueff = 5.30 eV.22,23 Taking into account the magnetic properties of iron, the magnetizations 196 

of FeIII and FeII were set at 5 and 4, respectively.24 The cutoff energy was set at 520 eV,25 and 197 

the self-consistent field (SCF) convergence tolerance was 1×10-5 eV. A k-point mesh with 198 

gamma-centered Monkhorst-Pack grids was used for all structures, which was generated by 199 

VASPKIT for VASP.26  200 

All of the energies were corrected for Gibbs free energy at 298.15 K and 1 atm. The total 201 

energies of H2O, Fe(OH)2, CH3COOH, CH3CH2COOH, and CO2 molecules in isolation were 202 

calculated in a periodic supercell box of 10×10×10 Å3, 27, 28 while for the Fe13 Keggin cluster, 203 

a box of 20×20×20 Å3 was used to ensure no intermolecular interactions. 204 

 205 

3. Results and Discussion 206 

3.1 Acidogenic P recovery from Fe-enhanced sludge with different ages 207 

Chemically enhanced phosphorus removal is an effective and reliable method to remove 208 

P from wastewater. In this study, by dosing FeCl3 into the wastewater, more than 95% of TP 209 

was removed and concentrated into the Fe-based sludge. The Fe-P sludge was then mixed with 210 

activated sludge in the aerobic MBRs. The TP and TFe concentrations in the sludge mixture 211 

were around 287 and 832 mg/L, respectively. After different retention and aging periods in the 212 

MBRs, the Fe-P-containing sludge mixtures were collected and fed into the anaerobic 213 

bioreactors for 6-d co-fermentation with food waste. During fermentation, the sludge 214 
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underwent hydrolysis and acidogenesis, releasing P into the supernatant for potential recovery. 215 

The performance of APR from the different sludge samples is shown in Figure 1. 216 

 217 
Figure 1. Acidogenic P recovery performance during acidogenic fermentation.  218 

 219 

Conventional anaerobic digestion usually consists of three steps: hydrolysis, acidogenesis, 220 

and methanogenesis. Acidogenic fermentation can be achieved when methanogenesis is 221 

inhibited via appropriate loading, duration, and pH control.29 Food waste mainly contains easily 222 

biodegradable organics, which can be quickly hydrolyzed into soluble organics that are then 223 
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converted into VFAs to decrease the solution pH.30 When the pH is maintained between 4 and 224 

5, methane production can be largely inhibited. As shown in Figure 1, with 6 g-COD/L food 225 

waste addition, the VFA concentration continuously increased to around 4 g-COD/L during 6-226 

d fermentation, leading to a significant pH decrease.  227 

During the anaerobic co-fermentation, the ORP of the sludge was reduced to below -100 228 

eV. Under this condition, IRB can utilize soluble organics as electron donors to effectively 229 

reduce FeIII to FeII compounds via microbial dissimilatory iron reduction in the Fe-containing 230 

sludge.31 At low pH (<4.5) and low ORP (<-100 eV), the solubility of FeII compounds increased, 231 

releasing Fe2+ and PO4
3- into the supernatant liquid. As shown in Figure 1, for the fresh Fe-232 

containing sludge mixture without aging (SRT = 0 d), the soluble FeII concentration quickly 233 

increased to about 12 mM in the first 4 d, corresponding to 80% of the total Fe in the sludge. 234 

Meanwhile, SP was also released and increased in concentration to around 7 mM, accounting 235 

for 75.0% of the total P in the sludge. However, for the Fe-containing sludge with longer aging 236 

periods (SRTs) of 4, 7, 10, and 30 d, the maximum P release efficiency decreased from 75.0% 237 

to 61.9%, 36.9%, 30.6%, and 26.9%, correspondingly. As the retention time of the Fe-based 238 

sludge increased in the aerobic bioreactors, the efficiency of APR from the sludge significantly 239 

decreased and it took longer fermentation times to reach the maximum P release concentration. 240 

The retention of Fe-P complexes in the bioreactors evidently led to considerable 241 

transformations of the Fe and P species, making it difficult to solubilize the Fe-P complexes. 242 

Thus, it is necessary to investigate the Fe and P transformations during the retention of sludge 243 

in the bioreactors and understand how these transformations affected the P recovery process. 244 

3.2 P speciation in Fe-enhanced sludge 245 

The P K-edge XANES spectra of sludge samples and references are presented in Figure 2, 246 

in which the Fe-P-containing activated sludge mixture from the MBRs is denoted as AS and 247 

the sludge after 6-d anaerobic fermentation is denoted as AnS. Each chemical has a unique 248 
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“fingerprint” in XANES spectra, which helps deduce qualitative information of the species in 249 

unknown samples. The P reference species that bonded with FeIII, such as ferric phosphate and 250 

adsorbed-P on HFO (Figure S1), had one pre-edge peak at around 2150 eV, which is 251 

attributable to the hybridization of Fe-3d, O-2p, and P-3p orbitals.32 Most of the sludge samples 252 

also had pre-edge peaks, implying FeIII-bonded phosphorus species in the sludge. In the post-253 

edge region, the sludge samples only had two peaks at 2154 and 2170 eV, which are similar to 254 

those of ferric phosphate, adsorbed-P, and phytic acid.  255 

 256 

Figure 2. P K-edge XANES analysis of (a) the Fe-P sludge samples with different retention 257 

periods in the MBR and (b) the references. For the sludge samples, symbols represent the 258 

XANES spectrum data and lines represent the linear combination fitting. S*: Fe-P-containing 259 

activated sludge with the corresponding retention periods in the MBR (e.g., S0: 0-d retention 260 

sludge), AnS*: anaerobic sludge samples after 6-d fermentation of the sludge with the 261 

retention periods indicated (e.g., AnS0: anaerobic samples after 6-d fermentation of the 0-d 262 
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retention activated sludge). 263 

 264 

To identify possible species in the sludge samples, PCA/TT and LCF were conducted on 265 

the P K-edge XANES spectra. The PCA results of the seven sludge samples (Table S2) suggest 266 

three principal components with a minimum indicator (IND) of 0.01274 and a cumulative 267 

variance of 98.7%. References with a SPOIL value below 3 (as calculated by SIXPack) are 268 

normally considered to be reasonably acceptable (i.e., reasonably likely to exist in the sample) 269 

and values between 3 and 6 are moderately acceptable.33 Based on the TT results (Table S3), 270 

seven possible reference compounds were further chosen for the LCF analysis,34 including two 271 

reasonably acceptable references with SPOIL values below 3 (amorphous FePO4, adsorbed-P 272 

on HFO) and five moderately acceptable references with SPOIL values between 3 and 6 273 

(Na2HPO4·12H2O, phytic acid, newberyite, vivianite, and hydroxyapatite). Based on the PCA 274 

results, the combination of the four most acceptable references was applied for the LCF fitting, 275 

and the results with the lowest R-factors were selected as the optimal fitting results. 276 

The XANES LCF analysis results, in combination with the chemical analysis of P species 277 

in the sludge samples before and after acidogenic co-fermentation, are given in Figure 3 and 278 

Table S4. In the sludge from the aerobic MBRs, the main P species were FePO4 (53-58%) and 279 

adsorbed-P (38-43%), which confirmed the two main mechanisms involved in CPR: co-280 

precipitation and adsorption.35 In coagulation, with the rapid mixing of coagulant FeCl3 into 281 

the wastewater, ferric ions reacted with orthophosphate and hydrogen to form ferric phosphate 282 

and amorphous ferrihydrite. Fresh ferrihydrite had a very high surface area with abundant 283 

reaction sites. During slow-mixing flocculation, the residual orthophosphate was easily 284 

adsorbed by the sites of oxygen atoms onto the fresh ferrihydrite surface, leading to more 285 

complete P removal from the solution.    286 
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 287 
Figure 2. P speciation characterized by the XANES analysis and chemical measurements on 288 

the sludge samples with different SRT. SP and TP was determined by the ascorbic acid 289 

reduction method.20 The fraction of solid P was calculated by subtracting SP from TP. 290 

Speciation of particulate P was determined by LCF analysis. 291 

 292 

After the fermentation, with the reduction of FeIII and dissolution of Fe-P complexes, P 293 

was released and dissolved as orthophosphate. Acidogenic fermentation of fresh Fe-containing 294 

sludge achieved a P release efficiency of 71.3% at the end of fermentation. With an increase in 295 

sludge retention time, the P release efficiency decreased. For retention periods of 7, 10, and 30 296 

d, the P release efficiency from the Fe-P sludge significantly decreased to 36.9%, 30.6%, and 297 

26.9%, respectively, under the same acidogenic co-fermentation conditions. The amount of 298 

adsorbed-P in the sludges older than 7 d did not decrease after fermentation, with the fraction 299 
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of this component being around 40-50% in both activated and fermented sludge. In contrast, 300 

the fraction of FePO4 was greatly reduced in all of the fermenters, suggesting that the SP in the 301 

supernatant was mainly released from FePO4. It is apparent that FePO4 was reduced to vivianite, 302 

which was then dissolved almost completely as orthophosphate and SFeII under the acidic 303 

conditions (pH~4.5). Thus, vivianite was not detected in any of the fermented sludge samples.  304 

3.3 Fe speciation in Fe-enhanced sludge 305 

The Fe K-edge XANES spectra of the sludge samples and references are shown in Figure 306 

4. In contrast to zero-valent iron and FeII, the FeIII references had one unique pre-edge peak at 307 

7115 eV, which again existed in all samples, suggesting that FeIII was present in the sludge. 308 

The E0 values helped identify the valence states of Fe in different sludge samples. The E0 of 309 

zero-valent iron, FeII, and FeIII were 7112, 7121, and 7124 eV, respectively. Most of the 310 

samples had an E0 of 7124 eV, indicating that the Fe compounds in the sludge mainly existed 311 

in the +3 state. 312 

To identify the possible Fe species present in the sludge samples, PCA/TT and LCF were 313 

performed on the Fe K-edge XANES spectra. The PCA results on the 10 sludge samples (Table 314 

S5) suggested four principal components with a minimum IND of 0.0004 and a cumulative 315 

variance of 99.8%. In other words, four main compounds were likely to exist in the sludge 316 

samples. Based on the TT results (Table S6), ferrihydrite, goethite, Fe2O3, strengite, melanterite, 317 

lepidocrocite, and magnetite were moderately acceptable compounds and were selected for the 318 

LCF analysis. Based on the PCA results, a combination of the most acceptable four references 319 

was applied for the LCF fitting using the function “Fit all combination,” and the optimal fitting 320 

results were selected as those with the lowest R-factors. 321 
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 322 
Figure 3. Fe K-edge XANES analysis of (a) the sludge samples with different SRT and 323 

(b) the references. For sludge samples, symbols represent the XANES spectrum data and 324 

lines represent the linear combination fitting.  325 

 326 

The Fe speciation information in the sludge characterized by XANES LCF and chemical 327 

measurement is given in Figure 5 and Table S7. For the fresh Fe-P sludge in activated sludge 328 

(SRT = 0 d), the main Fe species included FePO4 (31.5%) and ferrihydrite (68.4%), which were 329 

formed rapidly by coagulation upon the addition of FeCl3. For the sludge with a retention of 4 330 

d in the MBR, the Fe compositions did not change significantly. After 7 d of retention, the slow 331 

crystallization of HFO, with the formation of goethite, was identified in the sludge. From the 332 

retention times of 7 to 30 d, the fraction of goethite increased from 5.0% to 9.4%. The 333 

appearance of crystalline species is a sign of the loss of reactivity via the HFO aging process. 334 

 335 
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 336 
Figure 4. Fe speciation characterized by the chemical measurements and XANES analysis on 337 

the sludge samples with different SRT. SFeII and TFe was determined by the phenanthroline 338 

method.20 The fraction of solid Fe was calculated by subtracting SFeII from TFe. Speciation 339 

of particulate Fe was determined by LCF analysis. 340 

 341 

During the anaerobic sludge co-fermentation, Fe was released from the sludge as soluble 342 

ferrous ions. The fresh Fe-P-containing activated sludge showed an excellent release 343 

performance, with an increase in SFeII concentration to as high as 667 mg/L after the 6-d 344 

fermentation, which amounted to 80% of TFe in the 0-d AS. With the prolonged retention of 345 

the Fe-P-containing sludge in the MBRs, the Fe release performance from the sludge during 346 

fermentation declined considerably. For the sludge with the retention times of 0 and 4 d in the 347 

MBR, the total FeII fraction after fermentation was 83.8% and 74.5%, respectively. For the 348 
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sludge with retention times of 7, 10, and 30 d, the TFeII release fractions were only 52.7%, 349 

48.1%, and 44.7% after the co-fermentation. About 50% of Fe still existed in the solid form in 350 

the sludge mixture, which consisted mainly of HFO. The reduction of FePO4 content in the 351 

sludge was not affected by aging of the sludge in the MBRs. Even for the 30-d sludge, the 352 

fraction of FePO4 in the solid phase significantly decreased from 35.6% to 8.8% after 6-d co-353 

fermentation. FePO4 was found mainly in the amorphous form, which did not undergo 354 

polymerization or loss of reactivity during sludge retention in the bioreactors.36 By acidogenic 355 

fermentation, FePO4 was reduced to Fe3(PO4)2, which was then completely dissolved in the 356 

weak acidic environment. The transformation of HFO appeared to be the main reason for the 357 

decrease of Fe solubility in the aged sludge.37 358 

3.4 HFO transformation in bioreactors 359 

The transformation of FeIII ions to HFO in wastewater and bioreactors is a multistep 360 

process consisting principally of hydrolysis, clustering, aggregation, and crystallization. 361 

Numerous intermediate phases of iron compounds arise throughout this process, which might 362 

not be directly observable. Computational analysis can provide more information about the 363 

details of Fe phase transition during the HFO aging process. The computational results are 364 

presented in Figure 6.  365 
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 366 

Figure 5. Free-energy diagram for the HFO aging and iron reduction process.  367 

 368 

The hydrolysis of FeIII ions took place immediately after FeCl3 addition into the 369 

wastewater. FeIII ions in water are usually present as the octahedral, hexahydrated complex 370 

Fe(H2O)6
3+.38 The monomers are rather unstable, which can trigger the formation of FeIII 371 

oxyhydroxide clusters from the dimeric oxyhydroxide cluster to give trimeric, tetrameric, or 372 

larger stable oligomeric clusters.39 For calculation of iron clusters composed of high-spin FeIII, 373 

the B3LYP/6-31G(d,p) level of theory using the density-based solvation model (SMD) in water 374 

was selected.39 The dominant pathway is shown by the following equations:   375 

2Fe(H2O)6
3+ → Fe2(H2O)8(𝑂𝑂𝑂𝑂)2

4+ + 2 H3O+  376 

∆𝐺𝐺1 = 46.02 kJ/mol (1) 377 

Fe2(H2O)8(𝑂𝑂𝑂𝑂)2
4+ + Fe(H2O)6

3+ → Fe3𝑂𝑂(𝑂𝑂𝑂𝑂)3(H2O)9
4+ + 3H3O+  378 

∆𝐺𝐺2 = 97.7 kJ/mol (2) 379 

Fe3𝑂𝑂(𝑂𝑂𝑂𝑂)3(H2O)9
4+ + 4Fe(H2O)6

3+ → Fe7𝑂𝑂(𝑂𝑂𝑂𝑂)12(H2O)12
7+ + 9H3O+ + 3H2O  380 



 20  

∆G3 = −35.56 kJ/mol (3) 381 

Fe7𝑂𝑂(𝑂𝑂𝑂𝑂)12(H2O)12
7+ + 3Fe2(H2O)8(𝑂𝑂𝑂𝑂)2

4+ → [𝐹𝐹𝐹𝐹𝑂𝑂4(𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)2H2O)12]7+ + 12H3O+ + 3H2O  382 

∆G4 = −899.56 kJ/mol (4) 383 

The total reaction free energy of Fe13 Keggin cluster formation from monomers was as 384 

high as -656.68 kJ/mol, suggesting a rather rapid exothermic reaction in the hydrolysis step. 385 

The Fe13 Keggin cluster is considered a prenucleation cluster for the formation of aggregated 386 

ferrihydrite nanoparticles.40 The low-molecular-weight hydrated FeIII species interact via 387 

olation and oxolation to form ferric species of higher nuclearity, leading to nucleation of 388 

ferrihydrite nanoparticles. The structure of ferrihydrite (P63mc space group) used in this study 389 

was adopted from Pinney et al.28 based on the single-phase crystal structure proposed by Michel 390 

et al.41 The overall polymerization process can be expressed by the following reaction: 391 

1
13

Fe13O40H41 →
1
5

Fe5O8H +
96
65

H2O 392 

∆G5 = −96.06 kJ/mol (5) 393 

The reaction free energy of this process is -96.06 kJ/mol, which is less than that of 394 

hydrolysis, suggesting a spontaneous but slower reaction. Weatherill et al.40 indicated that 395 

when first formed, ferrihydrite particles are of a core-shell structure with a Keggin center 396 

surrounded by a water-rich/Fe-depleted shell. The fresh ferrihydrite undergoes a rather 397 

complicated aggregation process over days. The smaller hydrated FeIII species (e.g., monomers 398 

and dimers) continue to aggregate onto Fe13 Keggin clusters, leading to a surface over-saturated 399 

with -OH and -OH2. The fresh ferrihydrite in an unstructured phase is chemically active with 400 

a large surface area (typically >290 m2/g).40, 42 The saturated -OH and -OH2 on the surface are 401 

exchanged with anions and organic species in water, making the ferrihydrite grow into complex 402 

particles. The organics and phosphate in wastewater are mostly removed during this step of the 403 

process. 404 

The adsorption of phosphate is achieved via ligand exchange on the ferrihydrite surface to 405 
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form FeIII-O-P bonds. The adsorption bonds can be monodentate or bidentate.43 Hiemstra and 406 

VanRiemsdijk44 observed that the dominant adsorbed phosphate species was H2PO4
- (more than 407 

85%) over the pH range of 3.5-8.0. Adrian et al.45 calculated that the adsorption of H2PO4
- onto 408 

HFO clusters was thermodynamically favorable. The adsorption period in chemically enhanced 409 

coagulation and flocculation is normally very short (typically less than 30 min). With the 410 

consumption of the ferrihydrite adsorption sites by chemical bonding with impurities, the 411 

accessibility of the remaining sites decreases, leading to a declining kinetic rate. Hauduc et al.35 412 

developed a dynamic physicochemical model and predicted that the phosphate adsorption 413 

capacity of HFO flocs would be lost in a period from 5 to 30 min.  414 

Due to the relatively low surface enthalpy, ferrihydrite is still thought to be less stable than 415 

the fully crystalline structures, and its metastable phases transform over time into one of the 416 

more stable phases (e.g., goethite, lepidocrocite, or hematite).46 The structure of ferrihydrite 417 

becomes more ordered when the Fe centers become more coordinated, and the bridging bonds 418 

are converted from hydroxo-bridges to stronger oxo-bridges, over a period of weeks or longer. 419 

This process may occur via dissolution–precipitation reactions or in situ rearrangement.47 420 

Dissolution–precipitation reactions also lead to the phenomenon of particle ripening, where 421 

smaller particles preferentially dissolve, leading to the growth of larger particles and a 422 

commensurate decrease in reactive surface area.10 Overall, HFO particles tend to grow or 423 

aggregate to form larger particles, potentially leading to a reduction in the amount of surface 424 

area that is accessible for reactions. Smith et al.48 reported a 90% reduction of the specific 425 

surface area from fresh HFO to polymerized HFO.  426 

In this study, the formation of goethite was identified in the aerobic sludge in the MBRs. 427 

The existence of goethite in Fe-containing sludge was also reported in other studies.14, 37 The 428 

conversion of ferrihydrite (P63mc)28 to goethite (pnma)25 can be simply expressed as: 429 

1
5

Fe5O8H +
2
5

H2O → α– FeOOH 430 
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∆G6 = −24.53 kJ/mol (6) 431 

The free energy of this reaction is only -24.53 kJ/mol, which is smaller than the polymerization 432 

reaction and much smaller than hydrolysis, suggesting a slow crystallization process. The 433 

transformation of iron species and formation of goethite were indeed observed to be slow in 434 

the AS samples from the aerobic bioreactors (Figure 5). Goethite is one of the most 435 

thermodynamically stable iron oxyhydroxides.10 Its crystal structure consists of double chains 436 

of edge-shared octahedra that are joined to other double chains by sharing corners and by 437 

hydrogen bonds.49 Goethite may be formed from either FeIII or FeII systems over a wide pH 438 

range.38 In the FeIII system, goethite can slowly form from freshly prepared ferrihydrite after 439 

several days. In the FeII system, goethite can be an important product of low-temperature 440 

oxidation, particularly of iron sulfides. Theoretically, other crystalline phases of HFO might 441 

also form under certain conditions. Wu et al.13 found lepidocrocite formation in chemically 442 

enhanced sludge when ferrous sulfate was used in wastewater treatment. It was suggested that 443 

lepidocrocite was readily formed via FeII oxidation at neutral pH.38 In this study, FeIII-based 444 

sludge was retained in the aerobic bioreactors before fermentation; thus, goethite became the 445 

dominant crystalline product in the system.  446 

3.5 Impact of HFO aging on acidogenic P recovery 447 

Due to the high reactivity of FeIII clusters and fresh ferrihydrite, the Fe-P bonding is very 448 

stable in Fe-facilitated sludge. To extract P from the Fe-P complexes, the polymerized Fe 449 

structure needs to be broken and dissolved. Chemical acidification and strong iron reduction 450 

have been suggested as effective methods to achieve HFO breakage. Chemical acidification 451 

extraction, such as the RecoPhos50 or Stuttgart processes,51 has been applied in industry for P 452 

recovery. This method uses strong acids to dissolve metal-phosphate compounds from sludge 453 

or sludge ash into leachate. However, it not only uses a large amount of expensive and corrosive 454 

acids but also causes serious secondary pollution.7 The APR method is more environmentally 455 
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friendly and cost-effective, as the extraction and release of P from the sludge is mainly achieved 456 

by microorganisms. In this biological process, microbial iron reduction is a critical step to break 457 

the structure of Fe-containing complexes. IRB can utilize soluble organics (mainly acetate and 458 

propionate) as electron donors to reduce FeIII to FeII compounds. The thermodynamic analysis 459 

of abiotic HFO reduction by acetate and propionate is as follows. 460 

1
5

Fe5O8H +
1
8

CH3COOH +
93
20

H2O → Fe(OH)2 +
1
4

CO2 461 

∆G7 = −23.36 kJ/mol (7) 462 

1
5

Fe5O8H +
1

14
CH3CH2COOH +

164
35

H2O → Fe(OH)2 +
3

14
CO2 463 

∆G8 = −23.25 kJ/mol (8) 464 

α– FeOOH +
1
8

CH3COOH +
17
4

H2O → Fe(OH)2 +
1
4

CO2 465 

∆G9 = 1.16 kJ/mol (9) 466 

α– FeOOH +
1

14
CH3CH2COOH +

30
7

H2O → Fe(OH)2 +
3

14
CO2 467 

∆G10 = 1.28 kJ/mol (10) 468 

Notably, the reaction free energies of acetate- and propionate-induced HFO reduction are 469 

relatively small, especially for goethite, which makes them thermodynamically unfavorable. 470 

This finding is consistent with the results of Weber et al.31 who suggested that reduction of 471 

goethite required a much lower redox potential (−0.274 V) than that of ferrihydrite (0.014 V). 472 

In the acidogenic co-fermentation studied herein, the redox potential was between −0.1 and 473 

−0.2 V, which was insufficient for goethite reduction, and instead ferrihydrite and FePO4 were 474 

the main iron species that underwent reduction. 475 

The use of microorganisms to facilitate the iron reduction process via enzymatic catalysis 476 

is a highly effective strategy. In this reaction, electrons are transferred from an as-yet 477 

unidentified terminal Fe reductase31 in the outer membrane of bacteria to the insoluble FeIII 478 

compounds. Some IRB (e.g. Geobacter spp.)52 can come into direct contact with the particles’ 479 

surfaces and transfer electrons through “nanowires” (conductive extracellular appendages), 480 
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some (e.g. Geothrix sp.)53 produce complexing ligands to dissolve solid-phase HFO, while 481 

others54 produce electron shuttles to indirectly transfer electrons to FeIII compounds. In all 482 

cases, contact sites are necessary. With a sufficient amount of accessible surface area, the FeIII 483 

can be rapidly reduced and its polymerized structure broken and dissolved. In this study, more 484 

than 80% of FeII ions were released from the fresh Fe-P-containing sludge after only 3 d of 485 

fermentation. However, when the amount of active sites was greatly reduced via the prolonged 486 

sludge retention and HFO aging process, the iron reduction potential decreased significantly. 487 

When the retention time of the Fe-P sludge in the MBR was more than 10 d, only 40-50% of 488 

FeIII was reduced and dissolved by sludge fermentation, corresponding to a much-reduced P 489 

release. Moreover, a small fraction of FePO4 was found to remain in the fermented sludge. It 490 

has been reported that orthophosphate and Fe can precipitate on the surface of iron oxide 491 

particles to form three-dimensional FePO4 minerals (in contrast, P adsorbs as a two-492 

dimensional monolayer).55 This recalcitrant FePO4 in the sludge was buried in aggregated 493 

polymers during the growth of HFO particles, which had a limited accessible surface area for 494 

iron reduction and P mobilization. In conclusion, owing to the condensed structure of aged 495 

HFO and the loss of its reactivity by crystallization, the HFO aging process is a critical limiting 496 

factor that affects the performance of APR from the Fe-based sludge.   497 

3.6 Environmental implications  498 

In this study, APR was proven to be an effective and environmentally friendly method for 499 

P extraction and recovery from Fe-based CPR sludge. However, the performance and 500 

efficiency of APR via co-fermentation from Fe-P-containing sludge is affected by the retention 501 

and aging of the sludge in the aerobic bioreactors. The decreasing microbial iron reduction 502 

potential of Fe-based sludge after aging was found to be the main reason for this phenomenon. 503 

In further investigation, XANES detection showed that amorphous Fe-P complexes (e.g., 504 

FePO4 and fresh ferrihydrite) in sludge were readily mobilized via microbial iron reduction 505 
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during acidogenic fermentation, while aggregated and crystalline HFO (e.g., aged ferrihydrite 506 

and goethite) were less susceptible to biological reduction and mobilization. Thus, it is 507 

suggested that fresh Fe-P-containing sludge is much more amenable than aged sludge to 508 

effective P recovery via acidogenic co-fermentation. In other words, as far as P recovery from 509 

the sludge is concerned, aging of the P-containing sludge should be minimized in wastewater 510 

treatment systems. In conclusion, the study provided important insights into the transformation 511 

of Fe-P complexes in wastewater treatment and its effect on APR. The findings and related 512 

mechanisms will help researchers to improve the process and develop new strategies for 513 

effective P removal and recovery from wastewater.  514 
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