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A B S T R A C T

Iron is an attractive binding partner for phosphorus removal from digested sludge, with recovery as the Fe(II) 
phosphate mineral vivianite (Fe3(PO4)2⋅8H2O) representing a promising resource recovery pathway. However, 
sulphides compete strongly with phosphate for Fe(II), limiting vivianite formation and often requiring higher 
iron dosages. Because both iron and sulphur undergo redox transformations, controlled microaeration may alter 
the balance between iron sulphides, iron phosphates, and oxidized iron and sulphur species. This study inves
tigated the effect of oxidation–reduction potential (ORP)-controlled microaeration (− 220 to 0 mV) on Fe–S–P 
transformations in digested sludge. Microaeration showed contrasting effects. Mössbauer spectroscopy indicated 
an approximately 20% decrease in the Fe(II) associated with the vivianite fraction under all ORP conditions, 
while a pyrite-like iron sulphide phase remained largely unchanged. In contrast, the soluble phase showed 
increasing sulphur concentrations (ultimately recovered as sulphate) and a ~70% decrease in soluble phos
phorus, suggesting enhanced iron–phosphate binding or adsorption during microaeration. Although the applied 
aeration conditions ultimately did not lead to vivianite formation, the proposed mechanism identifies an early 
microaeration window that favours phosphorus removal, providing a basis for further optimization of microa
eration strategies for phosphorus recovery from anaerobic sludges.

1. Introduction

Vivianite (Fe3(PO4)2⋅8 H2O) has gained attention as a promising 
mineral for phosphate recovery from digested sludge due to its para
magnetic properties, which enable magnetic separation, a technique 
successfully demonstrated at pilot scale (Wijdeveld et al., 2022; Nguyen 
et al., 2024). This ferrous phosphate mineral typically forms under 
anaerobic conditions, as in the sludge digesters of wastewater treatment 
plants (WWTPs). Its low solubility and stability within a pH range of 6–8 
favour its formation over other phosphate minerals, including calcium 
phosphates and struvite (Wilfert et al., 2018; Liu et al., 2018). The for
mation of vivianite is contingent upon the presence of iron, typically 
introduced via iron-based coagulants used in WWTPs for the removal of 
phosphate or sulphide, and to improve sludge dewatering (Wilfert et al., 

2015). However, prior to phosphate precipitation, iron preferentially 
binds with sulphide due to the higher thermodynamic stability of iron 
sulphide species (Nriagu, 1972). This competitive interaction is 
well-documented in lake sediments, where vivianite formation is 
inhibited unless the molar ratio of reactive iron to sulphur remains 
above 0.9 (Rothe et al., 2015). Prot et al. (2020) (Prot et al., 2020) 
further demonstrated that vivianite can form in digested sludge when 
the Fe/S ratio is above 1. While lake sediments exhibit a range of FeS 
species—from amorphous phases to mackinawite (Fe1+xS), greigite 
(Fe2+Fe3+

2 S4) and pyrite (FeS2) (Lan and Butler, 2014)—crystalline 
forms such as pyrite are rarely observed in sludge environments (Prot 
et al., 2020; Amin et al., 2024; Wilfert et al., 2016). Since the iron sul
phide composition is not well defined and difficult to analyze due to 
small particle size and low crystallinity, they are denominated FeSx 
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(Wilfert et al., 2016; Kubeneck et al., 2024; Mejia Likosova et al., 2013).
The preferential formation of iron sulphides necessitates additional 

iron dosing to enable subsequent vivianite precipitation, thereby 
increasing operational costs. For instance, assuming a sulphur content of 
10 g S/kg dry weight (DW) (Wilfert et al., 2016) and an Fe/S ratio of 1, 
an additional 17 g/kg DW of iron must be dosed to satisfy sulphide 
binding before promoting vivianite precipitation. If iron sulphide for
mation could be suppressed, this additional iron could instead 
contribute directly to vivianite formation, potentially satisfying up to 
19% of the required iron for phosphate precipitation in RWZI Nieuwv
eer, based on 38 g P/kg DW (Wilfert et al., 2016) and the stoichiometric 
vivianite Fe/P ratio of 1.5. One potential strategy involves the controlled 
oxidation of iron sulphides to liberate iron for vivianite formation. Ma 
et al. (2023) (Ma et al., 2023) demonstrated that vivianite can form 
from FeS via a dissolution–precipitation mechanism under conditions of 
continuous sulphide removal. An approach to remove sulphide involves 
oxidizing it to species such as elemental sulphur or sulphate, preventing 
the formation of the toxic H2S gas. Pyrite oxidation is assumed to 
progress via an initial dissolution of the mineral producing iron(II) (Kirk 
Nordstrom, 1982; Moses and Herman, 1991), indicating a potential 
window for selective FeS destruction and vivianite formation. Although 
vivianite formation under such conditions has not yet been empirically 
demonstrated, the oxidation of iron sulphides in sludge has been 
investigated. Yin et al. (2021) (Yin et al., 2021) evaluated various oxi
dants and found that hydrogen peroxide (500 mg/L) was effective in 
controlling H2S release, improving sludge dewaterability, and precipi
tating phosphate. However, the use of peroxides involves the use of 
chemicals and promotes Fenton-like reactions, increasing Fe(III) con
centrations (Ismail et al., 2022). This can lead to the formation of 
ironhydroxyphosphates or oxidized iron (III) minerals such as ferrihy
drite (Fe3+

2 O3 ⋅ 0.5 H2O) that are known to adsorb phosphate to a certain 
extent (WANG et al., 2015). Yet, the formation of vivianite would be 
more interesting, enabling both a more favorable Fe/P binding of 1.5 in 
comparison to the Fe(III) precipitates (van der Grift et al., 2016) as well 
as the magnetic recovery of iron and phosphate. Aeration presents a 
more promising alternative for iron sulphides oxidation, as it avoids the 
formation of radicals and is less environmentally aggressive compared to 
peroxides. Yin et al. (2021) (Yin et al., 2021) also explored aeration for 
sulphide removal but dismissed its application due to elevated H2S 
production at pH ~6, which enhances H2S volatility and increases 
pumping costs. Microaeration, in contrast, has attracted attention as a 
method for H2S scavenging in anaerobic digestion systems (Chen et al., 
2020). Microaerobic conditions are typically defined by 
oxidation-reduction potentials (ORP) between − 230 and − 180 mV 
(Chen et al., 2020; Krayzelova et al., 2015).

The primary objective of this research was to investigate an ORP- 
based controlled aeration in order to oxidize iron sulphides to Fe2+

and S0, and the subsequent use of the iron for the formation of the Fe(II)- 
phosphate vivianite in digested sludge for more efficient phosphate 
recovery.

2. Material & methods

2.1. Digested sludge

Digested sludge was collected in April 2025 from RWZI Nieuwveer, 
and experiments were conducted from May to July of the same year. The 
composition of the digested sludge analyzed according to the procedure 
described in 2.3 is summarized in Table 1.

This characterized sludge composition is used as the reference initial 
condition for all experiments presented in this study. To ensure 
comparability, all experimental series were initiated from this common 
baseline composition, with sludge originating from the same homoge
nized sampling jerry can, stored at 4 ◦C and used within 2 months.

2.2. Aeration experiments

A total of 1.5 L of digested sludge was aerated under continuous 
stirring in the reactor system schematically depicted in Fig. 1. Both pH 
and oxidation–reduction potential (ORP) were regulated using limit 
switches, and all measurements were recorded via a data logger. A gas 
trap containing 0.01 M NaOH was installed to capture any H2S poten
tially released during the experiments. Samples (15 mL) were with
drawn through an outlet at predefined intervals over 168 h (0, 3, 24, 48, 
144, and 168 h). At the final sampling point, an additional 50 mL was 
collected for solids characterization.

To investigate the oxidative dissolution of iron sulphide, aeration 
was applied to maintain ORP setpoints of − 220 mV, − 150 mV, and 
0 mV. These ORP targets were selected based on preliminary modelling 
using Visual MINTEQ, which used equimolar concentrations of iron, 
sulphur, and phosphorus at pH 7.8 as inputs. Mackinawite (Fe1+xS) was 
selected as the representative iron sulphide phase, as it is hypothesized 
to be structurally similar to the initially forming FeSx species (Rickard 
et al., 2006; Hu et al., 2020) Ferrihydrite was used to represent iron 
(III) oxyhydroxides, and vivianite was included as the relevant 

Table 1 
Total elemental composition of microwave-digested sludge measured with ICP- 
OES and composition IC of the soluble fraction after 0.45 μm filtration, measured 
with ICP-OES and IC, including total solids (TS), volatile solids (VS), pH, and 
oxidation-reduction potential (ORP). Replicates are represented with N.

Elements/ 
Parameter

Total elements wet 
sludge (N = 3) 
c (g/kg)

Compounds Composition soluble 
fraction(N = 2) 
c (mg/L)

Mg 210 ± 7 Mg 1.43 ± 0.05
P 1990 ± 40 P 116 ± 1
Fe 1580 ± 20 Fe 1.5 ± 0.4
S 630 ± 20 S 10 ± 1
Ca 1580 ± 10 Ca 56 ± 1
Al 330 ± 10 SO4

2- 7 ± 3
TS 45.8 ± 0.2 K+ 250 ± 20
VS 29.4 ± 0.2 Na+ 110 ± 7
ORP (mV) 

(N = 1)
− 350 Cl− 143 ± 1

pH (N = 1) 8.7 NH4
+ (N = 1) 3160

​ ​ HCO3
−

(N = 1)
5990

Fig. 1. Schematic of the reactor system used in aeration experiments, 
MFC = Mass flow control.
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iron-phosphate mineral (Fig. 2). The thermodynamic predictions indi
cated that vivianite should dominate the iron mineralogy within an ORP 
window of approximately − 250 mV to 0 mV. In addition to solid-phase 
predictions, aqueous Fe and S speciation was evaluated across the same 
redox range to support mechanistic interpretation.

During aeration, the pH increased to approximately 8.4, exceeding 
the typical optimum range for vivianite formation (pH 6–8) (Chen et al., 
2022; Cao et al., 2019). Therefore, pH was controlled at 7.8 using CO2 
dosing. Hydrochloric acid was deliberately avoided based on prior lab
oratory observations that local acidic microenvironments created by HCl 
dosing may promote undesired vivianite dissolution. The temporal 
evolution of pH and ORP for all experimental conditions is presented in 
Figures A 1–3.

2.3. Characterization

2.3.1. Soluble components
For the analysis of the soluble fraction, samples were centrifuged at 

4750 rpm for 10 min (Beckman Coulter Avanti J-15R). The supernatant 
was subsequently filtered through 0.45 μm syringe filters (Millipore). To 
minimize oxidation during filtration, the beaker headspace was 
continuously flushed with N2. Elemental concentrations were quantified 
using inductively coupled plasma optical emission spectroscopy (ICP- 
OES; Thermo Scientific iCAP Pro). Ionic species were measured via ion 
chromatography (IC; Metrohm Compact IC Flex 88), and dissolved 
inorganic carbon (DIC) was determined using a total organic carbon 
analyzer (Shimadzu TOC-L CPH).

Evaporative losses resulted in sludge volume variations of up to 25% 
during the experiments. To correct for this, concentrations of soluble 
constituents were normalized using a correction factor (cf) derived from 
measured Na+ and K+ concentrations, which were assumed to remain 
constant throughout the experiment. The correction factor was calcu
lated as: 

cf =
(

c (Na+)t

c(Na+)0h
+

c (K+)t

c(K+)0h

)/

2 

where c (Na+)0h and c (K+)0h denote the initial sodium and potassium 
concentrations, and c (Na+)t and c (K+)t represent their concentration at 
time t.

2.3.2. Solid phase
The total elemental composition of the initial sludge was determined 

by microwave digestion of 2 mL wet sludge in 8 mL of 69% HNO3, using 
a sludge-specific digestion protocol (180 ◦C, 15 min) on a Milestone 
Ethos Easy system, followed by ICP-OES analysis. In addition, both the 
initial sludge and the samples treated at − 220, − 150, and 0 mV were 

dried for one week under N2 atmosphere in a glovebox (≤0.1% O2). 
Subsequently, 50 mg of each dried sample were digested in 10 mL of 
69% HNO3 using the same microwave method. Solid-phase character
ization comprised the following analyses: 

• Iron speciation: Iron extractions were conducted by mixing 1 mL of 
sludge with 9 mL of 1 M HCl. Samples were shaken at 65 rpm for 4 h, 
filtered through 0.45 μm syringe filters under a continuous N2 
stream, and analyzed for Fe(II) and Fe(III) using a colorimetric assay 
(LCK 320, Hach Lange) (based on (Claff et al., 2010)).

• Crystal phase determination: X-ray diffraction (XRD) analysis 
(Bruker D8 Advance diffractometer) was used to identify crystalline 
phases. Powdered samples were mounted on Si510 wafers and 
scanned using Cu Kα radiation over 5◦–80◦ 2θ with a step size of 
0.008◦ and a dwell time of 2 s per step. Diffractograms were evalu
ated using Bruker DiffracSuite EVA software.

• Iron mineral phase quantification: Mössbauer spectroscopy was 
employed to quantify and speciate iron phases. Samples were dried, 
ground, and sealed under N2 (≤0.1% O2) in the glovebox prior to 
analysis. Measurements were performed using a conventional 
constant-acceleration or sinusoidal-velocity spectrometer equipped 
with a57Co(Rh) source and calibrated against α-Fe. Spectra were 
fitted using MossWinn 4.0 (Klencsár et al., 1996). Interpretation of 
Mössbauer spectra required differentiation among iron(III), low-spin 
(ls) Fe(II), and high-spin (hs) Fe(II) species. At room temperature, 
many iron-bearing compounds appear as paramagnetic (pm) dou
blets due to superparamagnetic behaviour or their electronic 
configuration. Some phases become magnetically ordered below 
their Curie or Néel temperatures and are thus observed as sextets or 

Fig. 2. Visual MINTEQ predictions for vivianite, mackinawite, and ferrihydrite 
distribution along different oxidation reduction potentials with Fe2+, HS− , 
PO4

3− at equimolar concentrations of 10 mM, and pH fixed at 7.8.

Fig. 3. Evolution of soluble sulphur, sulphate, and phosphorus concentrations, 
as well as soluble iron and magnesium concentrations during controlled aera
tion of digested sludge at three ORP levels.
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octets—for example, vivianite forms antiferromagnetic (afm) octets 
below its Néel temperature (Meijer et al., 1967). 
o 4 K measurements: Spectra acquired at 4 K provide the most 

accurate quantification (Murad and Cashion, 2004). However, at 
this temperature, more phases become magnetically ordered, 
increasing spectral complexity.

o 20 K measurements and vivianite fitting: To maintain vivianite 
in its paramagnetic state, measurements were also conducted at 
20 K, above its Néel temperature of 12 K (Meijer et al., 1967), 
while minimizing temperature-related noise. Paramagnetic viv
ianite is characterized by two hs-Fe(II) doublets with isomer shifts 
(IS) of approximately 1.3 mm s− 1 and quadrupole splittings (QS) of 
~2.6 mm s− 1 and ~3.2 mm s− 1 (at 77 K; Dyar et al., 2014), cor
responding to the A and B crystallographic sites. The expected A/B 
intensity ratio of ~0.5 reflects the structural occupancy of viv
ianite (Grodzicki and Amthauer, 2000). Deviations from this ratio 
may indicate Fe(II) oxidation, substitution by other cations such as 
Mg2+ (Kubeneck et al., 2023), or overlapping spectral 
contributions.

o Distinguishing low-spin Fe(II) from Fe(III): Low-spin Fe(II) in 
iron sulphides, common in digested sludge (Wilfert et al., 2016), 
typically overlaps with pm-Fe(III) doublets. Most iron sulphides 
observed in sludge, including thermodynamically stable pyrite 
(Thompson et al., 2025), remain paramagnetic at 4 K, facilitating 
their distinction from magnetically ordered Fe(III).

o Fe(III) in vivianite versus other Fe(III) phases: Fe(III) within 
oxidized vivianite is expected to become magnetically ordered at 
the same Néel temperature as Fe(II) in vivianite. Thus, Fe(III) 
appearing as a paramagnetic doublet at 20 K but as an afm sextet at 
4 K may be indicative of oxidized vivianite.

o Green rust identification: Green rust, a mixed-valence Fe(II)–Fe 
(III) double-layer hydroxide with intercalated anions ([Fe(II)1-xFe 
(III)x(OH)2]ˣ+⋅[(x/n)An− ⋅(m/n)H2O]ˣ− , where An− = CO3

2− , SO4
2− , 

Cl− , OH− ) (Thompson et al., 2025), has recently been reported to 
form in aquatic sediments as an alternative to vivianite (Kubeneck 
et al., 2025). Evidence of green rust presence was also observed in 
the present samples (Text A 1, Figure A 4).

3. Results & discussion

3.1. Microaeration to − 220 mV is sufficient to increase sulphur and 
decrease phosphorus concentrations in solution

Across all aeration experiments, sulphur species were released into 
the liquid phase, as quantified by ICP-OES, with release rates slowing 
after approximately 72 h (Fig. 3). The 0 mV treatment exhibited the 
highest overall sulphur release. Interestingly, the − 220 mV experiment 
showed a higher release than the − 150 mV experiment. While this may 
initially appear counterintuitive, it can be explained by the actual ORP 
evolution during the experiments (Figure A 1-3). For approximately the 
first 24 h, all systems remained close to − 250 mV, after which the 
− 150 mV condition increased more rapidly towards its setpoint, 
whereas the − 220 mV and 0 mV treatments followed more similar ORP 
trajectories during the first ~48 h. As a result, these two systems 
experienced comparable redox environments over a substantial portion 
of the experiment, which likely contributed to their similar sulphur 
release behaviour. Throughout the experiments, measured sulphur and 
sulphate concentrations were closely aligned, indicating that sulphate 
was the predominant dissolved sulphur species. During the first 24 h, 
however, sulphate concentrations were notably lower—particularly 
under more reducing conditions—suggesting the transient presence of 
other sulphur species. Thiosulphate concentrations were below the 
detection limit and therefore cannot account for this discrepancy. A 
plausible explanation is the formation of elemental sulphur particles 
smaller than 45 μm. In wastewater systems, biological oxidation of 
sulphides to elemental sulphur has been reported to proceed more 

rapidly than chemical oxidation to sulphate or thiosulphate (Nielsen 
et al., 2006). Thus, the initial formation of fine elemental sulphur par
ticles could explain the temporarily lower sulphate concentrations 
observed in the first 24 h.

In addition to sulphide oxidation and dissolution, a net decrease of 
approximately 70% in soluble phosphorus was observed, indicating 
substantial phosphorus precipitation. Soluble Fe (Fig. 3) increased 
during the first 48 h—most notably at − 220 mV. The evolution of sol
uble Fe, S and P supports an early FeSx dissolution with transient Fe 
release coinciding with both sulphur mobilization and the rapid initial 
decrease in dissolved phosphorus. Thermodynamic modelling of 
aqueous Fe and S speciation across the investigated redox range pro
vides further support for this interpretation (Figure A 4). The simula
tions indicate that dissolved S(− II) species decrease by several orders of 
magnitude with increasing ORP, coinciding with the oxidation observed 
under the applied aeration conditions in the laboratory. In contrast, Fe 
(II) remains comparatively stable, with only minor changes in concen
tration, in contrast to the small spike measured with ICP. These obser
vations suggest that sulphide oxidation proceeds as predicted by 
thermodynamics, but iron dissolution could be influenced by kinetic 
factors.

Kinetic factors could provide additional insight into the differences 
in soluble phosphorus removal, although their interpretation should be 
treated with caution due to the irregular ORP evolution across reactor 
runs, which limited reproducibility. Nevertheless, all reactors exhibited 
a similar initial phase during the first 48 h, characterized by a rapid 
decrease in soluble phosphorus of approximately 70%. Beyond 48 h, 
phosphorus removal slowed markedly under the − 220 and 0 mV con
ditions, with a slight increase in soluble phosphorus observed at the end 
of the 0 mV experiment. In contrast, the − 150 mV condition showed an 
earlier increase in soluble phosphorus after approximately 24 h, fol
lowed by a slight decline. The − 220 mV experiment, which remained at 
low ORP for the longest period, exhibited the steepest phosphorus 
decline, coinciding with the highest soluble Fe concentration. This 
suggests that prolonged exposure to lower ORP promoted iron-mediated 
phosphorus removal, whereas transient increases in soluble phosphorus 
were associated with the higher ORP conditions.

To relate the extent of sulphur release to phosphorus removal, the 
ΔS/ΔP molar ratio was calculated for each experimental condition 
(Table 2). Ratios were 3.6 and 3.3 for − 220 mV and − 150 mV, 
respectively, and 4.5 for 0 mV. The elevated value of − 220 mV relative 
to − 150 mV may again reflect the aforementioned ORP overshoot. 
Following the Fe/S binding ratio of approximately 1 reported for sludge 
(Prot et al., 2020), as previously introduced, a 1/1 dissolution of Fe and 
S was assumed when constructing Fe/P binding scenarios. Precipitation 
of phosphate with Fe(II) would likely result in vivianite formation, 
which exhibits a Fe/P molar ratio of 1.5. In contrast, Fe(III) and phos
phate commonly form iron hydroxyphosphates with Fe/P ratios ranging 
from 1.7 to 2 under neutral pH conditions (van der Grift et al., 2016). 
The observed ΔS/ΔP ratios (>2) therefore align more closely with the 
stoichiometry associated with iron hydroxyphosphate formation. How
ever, this interpretation is based exclusively on liquid-phase measure
ments, whereas solid-phase mineralogy also plays a crucial role in 
determining phosphorus binding stoichiometry. The amount of iron 
liberated to bind phosphate depends on the specific sulphide and iron 
species present initially. Furthermore, phosphate previously incorpo
rated in struvite (as confirmed by XRD; Figure A 7) may have undergone 
cation exchange or re-precipitation, supported by the slight release of 
magnesium into solution (Figure A 6).

3.2. Microaeration leaves pyrite-like Fe(II) phase intact but oxidizes other 
Fe(II) phases

The initial, unaerated sample, measured at − 350 mV ORP, was first 
characterized to establish the baseline iron speciation for comparison 
with the microaerated reactors. The Mössbauer spectra (Fig. 4) were 
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interpreted according to the approach described in Section 2.3 and 
detailed further in Text A1. At 20 K, two Fe(II) sites attributable to 
vivianite (sites A and B, light and dark blue) were identified, together 
with low-spin Fe(II)/Fe(III)-containing phases (orange) and a distrib
uted spectral component that may also originate from FeS-derived spe
cies (green-gold). Additional discrimination between the low spin Fe(II) 
and Fe(III) phase (orange) was obtained from the 4 K spectra. At this 
temperature, the low-spin Fe(II)/Fe(III) component of the unaerated 
sample was most likely associated with a pyrite-like (FeS2) phase, the 
relative abundance of which (approximately 10%, Table A 1) is 
consistent with the non-extractable iron fraction determined by 
sequential extraction (Fig. 5). For the green-gold contribution a fit was a 
magnetically distributed fit was attempted at 20 K (Table A 1). Previous 
studies have shown that FeSx minerals can exhibit irregular magnetic 
ordering and poorly defined Mössbauer signatures (Kubeneck et al., 
2024; Thompson et al., 2025), complicating spectral deconvolution. 
Although the QS parameter obtained here (IS = 0.40 mm/s, 
QS = 0.51 mm/s, B = 21 T at 21 K, Table A 1) does not fully align with 
literature values (IS = 0.40 mm/s, QS = 0.13 mm/s, B = 17-20 T at 77 K) 
(Kubeneck et al., 2023), the observed irregularity could indicate the 
presence of a FeSx species.

Changes in vivianite content were assessed by tracking the spectral 
area of the vivianite B site at 20 K (Text A 1). Aeration resulted in a 
reduction of the B-site contribution by 22% (from 29% initially to 17% 
in the − 220 mV and 0 mV treatments compared to the initial sample), 
indicating that microaeration led to partial oxidation or degradation of 

vivianite. To evaluate whether this loss originated from vivianite 

Fig. 4. Mössbauer spectra at 20 K and 4 K of initial sludge, and sludge oxidized at on ORP of − 220 mV, and 0 mV sludge samples with fitted iron phases. 
afm = antiferromagnetic; pm = paramagnetic; ls = low spin; hs = high spin.

Table 2 
Change of total amount of sulphur species (ΔS) and phosphorus (ΔP) in solution 
and the ΔS/ΔP ratio for each digested sludge experiment shown in Fig. 3.

concentration (mM)

− 220 mV − 150 mV 0 mV

ΔS (increased in solution) 10.1 8.3 10.0
Δ P (decreased in solution) 2.8 2.5 2.2

ΔS/ΔP 3.6 3.3 4.5

Fig. 5. % Fe in different iron phases as per 4 K Mössbauer spectroscopy (top) 
and HCl extraction (bottom). afm = antiferromagnetic; pm = paramagnetic; 
ls = low spin; hs = high spin.
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oxidation, the increase in antiferromagnetically ordered (afm) Fe(III) 
between 20 K and 4 K was examined. Magnetic ordering below 20 K is 
expected for Fe(III) within vivianite or green rust (Section 2.3, Text A 1). 
Only an increase of 10–12% afm Fe(III) was detected in the − 220 mV 
and 0 mV samples. Even if this entire increase were attributed to 
oxidized vivianite rather than Fe(III) present in green rust, it would 
correspond to only a small fraction of the total reduction in vivianite B- 
site signal. Thus, another portion (10–12%) of originally crystalline Fe 
(II)-vivianite was converted into non-magnetically ordered iron (III) 
phases, demonstrating that microaeration induces both oxidation and 
structural breakdown of vivianite.

The fraction of Fe(II)-vivianite not transformed into afm Fe(III) was 
likely detected as paramagnetic (pm) low-spin (ls) Fe(II)/Fe(III). This 
pm contribution (orange doublet at 4 K) increased considerably in both 
microaerated samples. This increase is attributable not only to vivianite 
alteration but also to oxidation of a pm high-spin (hs) Fe(II) phase 
(yellow doublet at 4 K). Notably, this pm hs Fe(II) partially overlaps with 
the pm signal of vivianite site A, complicating precise deconvolution of 
vivianite and green rust-like phases (Text A 1, Figure A 5). The presence 
of paramagnetic phases at 4 K may be due to very small particle sizes 
(<30 nm) or lattice disorder—both conditions known to suppress 
magnetic ordering (Thompson et al., 2025). Such disorder may arise 
from impurities within vivianite crystals (Wilfert et al., 2016). Alter
natively, these pm signatures could originate from green rust, which 
may remain incompletely magnetically ordered even at 4 K (Notini 
et al., 2023). In summary, microaeration converted both (i) part of the 
afm Fe(II)-vivianite and (ii) the pm hs Fe(II) phases—originating either 
from nanocrystalline/impure vivianite or from green rust—into pm Fe 
(III). This demonstrates that microaeration promotes broad oxidation 
processes affecting multiple Fe-bearing mineral phases.

The quantification of iron sulphiedes was considerably complicated 
by the presence of paramagnetic (pm) Fe(III) at 4 K, as the pm Fe(III) 
signal continued to overlap with the low-spin (ls) Fe(II) contribution 
(orange component). XRD analysis did not resolve the iron sulphide 
phases either, indicating that these phases lacked sufficient crystallinity 
for detection (Figure A 7). To assess whether microaeration led to the 
destruction of iron sulphides, changes in other Mössbauer-assigned iron 
fractions, particularly antiferromagnetic (afm) vivianite and pm high- 
spin (hs) Fe(II), were therefore interpreted. Fig. 5 (top) summarizes 

the evolution of five key spectral contributions between the initial and 
microaerated samples: afm vivianite (blue), pm hs Fe(II) (yellow), afm 
Fe(III) (purple), ls Fe(II)/Fe(III) (orange), and a species with a magnet
ically distributed fit (gold-green), only in the initial sample. Assuming 
the orange contribution in the initial sample at 4 K was derived from 
iron sulphide only as argued above, the iron sulphide content in the 
microaerated samples was estimated using: 

ls Fe(II)=Δorange − Δgold-green − Δyellow − (Δblue − Δpurple)

The resulting estimates 9 ± 9% for the − 220 mV sample and 10 ± 9% 
for the 0 mV sample carry substantial uncertainty due to the cumulative 
3% fitting uncertainty for each spectral component. Despite the large 
error margins, these values are similar to the 9% ls Fe(II) measured in 
the initial sample, suggesting that the iron sulphide fraction likely 
remained largely intact during microaeration. Thus, the influence of 
aeration on iron sulphide oxidation appears limited. Nevertheless, the 
potential FeSx species observed in the initial sample at 20 K was not 
present in the aerated samples. This would indicate this potential second 
FeSx phase was more labile to aeration and would be thus more inter
esting for iron sulphide transformations.

The combined analyses clearly demonstrate that microaeration leads 
to substantial oxidation and structural alteration of vivianite and other 
mixed Fe(II)/Fe(III) phases such as green rust. In contrast, the ls Fe(II) 
iron sulphide fraction appears resistant to oxidation under the condi
tions tested. This raises important questions regarding the nature of the 
iron and sulphur phases in the initial sludge and the mechanisms by 
which sulphur was mobilized, and phosphorus was removed from 
solution.

3.3. Mechanistic scenarios for Fe–S–P transformations during 
microaeration

The results show that microaeration promoted sulphide oxidation, as 
reflected by the increase in dissolved sulphur that ultimately accumu
lated as sulphate, while simultaneously decreasing soluble phosphorus 
concentrations and oxidizing Fe(II)-bearing mineral phases, including 
vivianite. Consequently, the intended objective of promoting net viv
ianite formation was not achieved under the applied aeration condi
tions, suggesting that the system was driven beyond the optimum degree 

Fig. 6. Scenarios for iron and sulphur species that could react upon oxidation and provoke phosphorus decrease in the solution.
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of oxidation. Nevertheless, the observed changes do not preclude the 
possibility of forming vivianite during the process. Unravelling the 
mechanistic processes during microaeration is important for identifying 
optimal windows to promote phosphorus removal from solution and, 
perhaps, vivianite formation, while avoiding excessive iron oxidation.

To interpret the aeration response of the initial sludge sample, two 
mechanistic scenarios were developed based on the combined obser
vations (Table 3; Fig. 6). These observations include: (i) the release of 
sulphur to solution with delayed sulphate formation under low ORP 
conditions (− 220 and − 150 mV; section 3.1), (ii) a pronounced decrease 
in dissolved phosphorus due to adsorption or precipitation (section 3.1), 
and (iii) the presence of a magnetically split Fe(II)/Fe(III) Mössbauer 
component at 20 K exclusively in the initial sample.

Scenario A – Coupled Fe–S Oxidation: In this scenario, iron and 
sulphur oxidation processes proceed together. Surface oxidation of FeSx 
leads to sulphide dissolution, explaining the increase in dissolved 
sulphur and the initially delayed formation of sulphate. The lag in sul
phate formation can be attributed to transient elemental sulphur, which 
is commonly produced during early-stage oxidation of sulphides (sec
tion 3.1). The transient rise in soluble Fe during the first 48 h (Fig. 3) is 
consistent with FeSx dissolution expected under early microaeration. In 
consequence, the decrease in dissolved phosphorus is consistent with Fe 
losing sulphide as its primary ligand and binding phosphorus, and after 
prolonged aeration, the formation of Fe(III) hydroxyphosphates or ferric 
oxyhydroxides that adsorb phosphate. The 20 K Fe(II)/Fe(III) Mössbauer 
component may correspond to a weakly ordered FeSx phase, although 
the fit uncertainty makes precise comparison to literature challenging. 
Meanwhile, the persistent pm ls Fe(II) signal at 4 K likely represents a 
more stable FeSx species, such as pyrite. Previous work has shown that 
iron sulphide oxidation at near-neutral pH can yield lepidocrocite, 
elemental sulphur, and sulphate (Wang et al., 2023). Moreover, the 
formation of passivating surface layers may shield remaining FeSx from 
complete oxidation (Jeong et al., 2010). Overall, Scenario A suggests 
that labile FeSx phases undergo surface oxidation to form Fe(III) oxy
hydroxides capable of binding phosphorus, while sulphide is released 
and ultimately oxidized to sulphate.

Scenario B – Decoupled Fe and S Oxidation: In the alternative 
scenario, iron and sulphur oxidation proceed independently. If part of 
the sulphur pool existed as solid elemental sulphur, its oxidation during 
aeration would explain the observed sulphur release; however, it would 
not account for the initially low sulphate concentrations. Phosphorus 
removal would then be less directly linked to sulphide dissolution. 
Instead, aeration may shift carbonate equilibria through CO2 stripping, 
destabilizing ferrous carbonate or green rust phases and thereby pro
moting phosphate precipitation or adsorption onto newly formed Fe(III) 
oxyhydroxides—similar to the outcome of Scenario A, but driven by 
different mechanisms. The indications of green rust in the Mössbauer 

spectra (section 3.2, Text A 1) are also consistent with this scenario, and 
phosphate adsorption on green rust has been demonstrated (Kubeneck 
et al., 2024, 2025). A mass-balance consideration further supports the 
presence of multiple sulphur pools: the ≈10% persistent pm ls Fe(II)/Fe 
(III) signal at 4 K corresponds to roughly 60 mmol Fe g− 1 DW. If this 
were entirely pyrite (Fe/S = 0.5), it would imply ~130 mmol S g− 1 

DW—representing only about one-third of the total sulphur. If the 
magnetically distributed species observed by Mössbauer spectroscopy in 
the initial sample is indeed FeSx, this would account for another 40% of 
the sulphur, at a Fe/S = 1. The remaining 30% sulphur could therefore 
be present as organic sulphur or elemental sulphur. In literature, only 
~40% of sulphur was found as FeSx-bound, with ~30% present as 
reduced organic sulphur and ~20% as elemental sulphur (Shakeri Yekta 
et al., 2014). Moreover, elevated Fe/S ratios, such as in the digested 
sludge used in this sample, are also known to favour polysulphide and 
elemental sulphur formation (Sand et al., 2001). Yet, elemental sulphur 
was not detected with SEM-EDX analysis of anaerobically dried samples, 
but this may reflect small particle size—typically 1–20 μm in biological 
desulphurization (Mol et al., 2020, 2021), or even nanoparticulate forms 
in natural waters (Findlay et al., 2014)—or sample-preparation artifacts 
that could lead to iron sulphide oxidation (Wilfert et al., 2018, section 
3.2). In summary, Scenario B suggests that elemental sulphur was sol
ubilized and oxidized during microaeration, while iron phases such as 
green rust exchanged ligands or were oxidized, enhancing their ability 
to bind phosphate.

In summary, Scenario A, involving FeSx dissolution, provides a 
plausible explanation for the disappearance of the magnetically 
distributed species in the 20 K Mössbauer spectra upon aeration, as well 
as the absence of sulphate formation during the initial stage of 
microaeration. In contrast, Scenario B is consistent with the extensive 
oxidation of both iron and sulphur species observed at the end of the 
experiments. Together, these observations suggest that the early stages 
of microaeration may be dominated by the processes described in Sce
nario A, whereas continued aeration progressively shifts the system to
wards the oxidation pathways described in Scenario B. While both 
scenarios are consistent with the experimental observations, their con
tributions require further mechanistic validation. Such validation would 
benefit from experiments in well-defined Fe/S/P systems using ultra
pure water. However, reproducing representative FeS phases remains 
challenging due to their rapid transformation, and the complexity of 
digested sludge makes it difficult to mimic their native speciation under 
controlled conditions. Addressing these challenges would provide 
valuable fundamental insight into iron sulphide transformations and 
improve the mechanistic understanding of phosphorus recovery pro
cesses. From a process perspective, the findings suggest that optimiza
tion should focus on preserving reactive Fe(II) and limiting extensive 
surface oxidation during the initial stages of microaeration, thereby 
maximizing the time window in which vivianite precipitation and 
elemental sulphur formation can occur before continued oxidation 
converts Fe(II) to Fe(III) and elemental sulphur to sulphate.

3.4. Opportunities and limitations of microaeration for phosphorus 
recovery in digested sludge

.
Although microaeration did not enhance vivianite formation, it did 

promote substantial phosphate precipitation, which is relevant for 
wastewater treatment applications. Lower dissolved phosphate con
centrations reduce the demand for iron coagulants typically required for 
further phosphate removal. However, aeration is not the only oxidative 
strategy capable of generating this effect. Previous studies by Ismail 
et al. (2022) and Yin et al. (2021) evaluated the ability of several oxi
dants, including hydrogen peroxide (H2O2) and chlorine dioxide (ClO2), 
to oxidize iron sulphides and thereby induce phosphate precipitation. 
Their findings are compared with those of the present study in Table 4. 
Among the tested oxidants, H2O2 was the most effective: Yin et al. 

Table 3 
Comparison of Scenario A (Surface oxidation combined with iron sulphide 
dissolution) and Scenario B (Elemental sulphur oxidation and iron(II) compound 
oxidation) on their potential to match the observations.

Observation Scenario A Scenario B

​ Sulphide oxidation Elemental sulphur 
oxidation

Sulphur release x x
Delayed sulphate 

release
x ​

​ Surface oxidation of iron(II) 
sulphide to iron(III) 
oxyhydroxydes

Destruction of other 
iron(II)/(III) binding

Phosphate 
adsorption/ 
binding

x x

Magnetically 
distributed species

x ​
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(2021) reported that 500 mg L− 1 H2O2 removed up to 90% of phosphate, 
and Ismail et al. (2022) observed maximum FeSx oxidation at 
300 mg L− 1 H2O2 with a corresponding ΔS/ΔP ratio of 1. In the aeration 
experiments of the present study, phosphate removal was slightly lower 
but exceeded that observed with ClO2. This comparison is of practical 
interest because ClO2 appears to be a milder oxidant toward iron, 
potentially preserving Fe(II) and thereby favouring vivianite formation.

Quantifying iron sulphide oxidation in sludge solids remains chal
lenging. Yin et al. (2021) and Ismail et al. (2022) used Fe(II) oxidation as 
an indirect proxy for FeSx destruction; however, oxidized iron in their 
systems may not have originated exclusively from FeSx. In our study, 
solid-phase sulphur loss between the initial and − 220 mV samples was 
used as an indicator (Text A 2, Table A 2), though it remains uncertain 
whether this sulphur originated from FeSx or other sulphur pools. 
Compared with aeration, H2O2 induced more extensive iron sulphide 
oxidation and produced elemental sulphur, a valuable product for 
sulphur recovery (de Sousa et al., 2017). Nevertheless, aeration presents 
an alternative for sulphur oxidation and phosphate removal, though its 
performance requires further optimization.

Future optimization should focus on enhancing phosphate precipi
tation. Promoting elemental sulphur and vivianite formation also re
mains attractive because vivianite binds more phosphorus per mole of 
iron (Fe/P = 1.5), and the products are interesting for recovery. One 
possible strategy is to refine aeration duration: after 24–48 h, phos
phorus removal plateaued, likely due to excessive Fe(III) formation. 
Transitioning to anaerobic incubation after this point could promote 
vivianite formation if vivianite nucleates more rapidly than FeSx 
(Roussel and Carliell-Marquet, 2016). A systematic investigation of 
ORP, pH, and the interplay between aeration and anaerobic conditions is 
needed. Finally, experiments combining ultrapure water and digested 
sludge supernatant could provide valuable insight into the mineral 
transformation pathways. Comprehensive solid-phase characterization 
using Mössbauer spectroscopy, sulphur extractions, and X-ray absorp
tion spectroscopy (XAS) (Shakeri Yekta et al., 2014) may further eluci
date the coupled evolution of iron, phosphorus, and sulphur.

4. Conclusion

This study provides mechanistic insight into the Fe–S–P trans
formations that govern the response of digested sludge to controlled 
microaeration,. ORP-controlled microaeration was evaluated as a 
strategy to selectively oxidize reactive iron sulphides while preserving 
sufficient Fe(II) for vivianite-based phosphorus recovery. Although 
microaeration resulted in the anticipated increase in dissolved sulphur 
species and decrease in soluble phosphorus, the applied aeration con
ditions ultimately promoted oxidation of existing vivianite rather than 
net vivianite formation. Yet, increasing the redox potential to − 220 mV 
was sufficient to achieve phosphate removal, especially in the first 48 h 
of aeration.

Further optimization of aeration time and intensity may help exploit 
the early stage of microaeration while avoiding excessive oxidation. 
Such optimization could improve phosphorus recovery, reduce iron 
coagulant demand, and potentially enable combined recovery of 

phosphorus and sulphur from digested sludge. At the same time, further 
fundamental research is needed to better understand iron sulphide 
speciation and transformations in both simplified Fe/S/P systems and 
complex sludge matrices.
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Table 4 
Comparison of phosphorus precipitation and presumed iron sulphide destruction by oxidizing agents, in literature and in this study.

matrix oxidizing 
agent

dose soluble P start 
(mM)

P precipitated 
(%)

FeSx start 
(mM)

FeSx reduction 
(%)

S product study

liquid sludge bottom 
sedimentation tank

H2O2 500 mg/L 3.1 58 2.0 17-84 SO4
2− / 

SO3
2− /S0

Yin et al., 
2021

liquid sludge bottom 
sedimentation tank

ClO2 400 mg/L 3.1 94 2.0 0-26 SO4
2− /SO3

2- Yin et al., 
2021

spiked raw filtered wastewater H2O2 300 mg/L 16.1 32 5.1 100 S0 Ismail et al., 
2022

digsted sludge NW to − 220 mV air 1 L/min +
CO2

3.7 76 9 58 SO4
2− /? this study
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