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A B S T R A C T

Phosphorus runoff from agricultural land is a major driver of eutrophication, with manure serving as a significant 
source of phosphorus input. In regions such as the Netherlands, high livestock densities and limited land 
availability pose challenges for manure management, particularly in pig farming. Recovering phosphorus from 
manure and redistributing it to phosphorus-deficient areas offers a sustainable solution. This study explores 
phosphate recovery via vivianite (Fe₃(PO₄)₂⋅8H₂O) precipitation—a method previously demonstrated in munic
ipal wastewater treatment plant sludge—and evaluates its applicability to pig manure. Vivianite formation was 
investigated in fresh, 4-month-aged, and digested pig manure, as well as in Thermal Hydrolysis Plant (THP) 
derived digested sewage sludge. A key finding is that high dissolved inorganic carbon (DIC) concentrations 
inhibit vivianite formation by promoting siderite (FeCO₃) precipitation. In digested manure, a DIC threshold of 
approximately 3 g/L HCO₃− was identified, below which vivianite formation is favored. THP sludge, charac
terized by elevated DIC, exhibited similar inhibitory effects. More generally, vivianite was shown to form without 
significant competition with siderite if the DIC concentration is <2.5 times the iron concentration. Experimental 
results were compared with thermodynamic predictions using Visual MINTEQ and experiments in ultrapure 
water, revealing discrepancies which may be attributed to the ionic composition in environmental matrices. 
Strategies such as combining ammonia and DIC stripping or targeting fresh manure were shown to enhance 
vivianite formation. These findings can be used to propose the integration of vivianite-based phosphorus re
covery into broader resource recovery frameworks, including biomethane production, ammonium recovery, and 
carbon capture.

1. Introduction

Phosphate fertilizers play a critical role in modern agriculture, with a 
substantial portion of phosphate input in European soils originating 
from manure application [1,2]. However, manure-based phosphorus (P) 
is often applied in excess, leading to runoff into surrounding water 
bodies. This runoff accelerates eutrophication, resulting in algal blooms 
and hypoxic conditions that threaten aquatic ecosystems, where phos
phate is frequently the limiting nutrient [3,4]. Elevated phosphate 
concentrations are particularly prevalent in regions with intensive 
agricultural activity, such as the Netherlands, Belgium, Denmark, and 

northwestern Germany [1,2]. Regulatory restrictions on manure 
spreading in areas like the Netherlands have led to the export of surplus 
manure, which incurs additional costs and results in the loss of valuable 
organic matter [5,6].

To address this issue, phosphate recovery from manure and its 
reutilization as a secondary resource in phosphate-based industries has 
been proposed [7]. In manure, phosphorus predominantly exists as 
magnesium ammonium phosphate (struvite) and calcium phosphates, 
typically in particulate forms smaller than 150 μm in both cattle and pig 
manure [8,9]. Especially in the Netherlands, pig farmers are challenged 
by the high livestock density in pig farming and the increased amount of 
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land necessary to dispose of the manure [10]. This intensification makes 
pig manure a particularly suitable target for nutrient recovery technol
ogies, which could enable the redistribution of phosphorus from regions 
with surplus to those with a deficit. Commonly employed manure 
treatment methods include composting and solid-liquid separation fol
lowed by pelleting. However, due to the typically low nitrogen- 
to‑phosphorus (N/P) ratio and high transportation costs, physical 
treatment alone is often insufficient to address nutrient imbalances and 
environmental concerns [11]. In recent years, thermochemical conver
sion technologies such as pyrolysis and hydrothermal carbonization 
have gained attention for their ability to mitigate odor, reduce green
house gas emissions, and eliminate pathogens, while simultaneously 
lowering the risk of water and soil contamination [11,12]. Despite these 
benefits, the resulting biochar and hydrochar exhibit considerable het
erogeneity in elemental composition and phosphorus speciation [13], 
which complicates their direct use to make phosphorus-based products. 
Targeted phosphorus recovery from these materials often necessitates 
additional chemical extraction steps. In contrast, precipitation-based 
approaches—such as the formation of struvite or calcium phosphate
—enable the recovery of phosphorus in a more defined mineral phase, 
offering a more controlled and efficient pathway for nutrient recycling 
[11]. Current precipitation techniques often involve acidification fol
lowed by reprecipitation with alkaline salts, a process that entails sub
stantial chemical consumption [7,14,15]. A promising alternative lies in 
transforming these phosphorus precipitates into a single mineral pha
se—vivianite (Fe(II)₃(PO₄)₂⋅8H₂O)—through iron dosing. Vivianite, a 
paramagnetic iron (Fe) phosphate mineral, is known to form under 
anaerobic conditions and has been successfully recovered magnetically 
at pilot scale from sewage sludge digesters [16–18]. Its thermodynamic 
stability within pH 6–8 [19] renders it a potentially favorable sink for 
phosphate, offering a recovery method that circumvents the need for 
heavy acidification and reprecipitation.

Initial proof-of-principle experiments demonstrated that vivianite 
indeed forms in pig manure at laboratory scale, with most phosphate 
recovered at a Fe/P molar ratio of 4.5 [20]. This is considerably higher 
than the optimal Fe/P ratio of 1.6–1.9 reported for sewage sludge, which 
is itself only slightly above the theoretical stoichiometric ratio of 1.5. 
The need for elevated iron dosing in manure not only increases chemical 
costs but also leaves behind iron-rich residues that may limit the agro
nomic value of the treated manure [21]. The underlying cause of this 
inefficiency remains unclear, necessitating further investigation into 
iron interactions within manure. Sulfide has been identified as a ther
modynamically favored competitor for iron binding over phosphate 
[22], but sulfur content alone does not fully account for the high iron 
requirements observed. Insights from sediment studies suggest that 
organic matter may sequester iron, potentially limiting its availability 
for vivianite formation [23,24]. However, recent findings indicate that 
dissolved organic matter in manure does not bind iron strongly enough 
to impede vivianite precipitation [25]. Given that neither sulfide pre
cipitation nor organic complexation fully explains the observed in
efficiency in vivianite formation, additional factors must be considered. 
Thermodynamic modeling in this study indicates that under elevated 
levels of dissolved inorganic carbon (DIC), the formation of ferrous 
carbonate (siderite) is thermodynamically favored, potentially out
competing vivianite precipitation. While the influence of DIC on struvite 
and calcium phosphate formation has been previously explored 
[26–28], its role in the competition between siderite and vivianite in 
manure systems has not yet been addressed.

In this study, DIC is used to describe carbonate chemistry relevant to 
mineral precipitation. However, DIC is closely related to alkalinity, a 
parameter more commonly used in agricultural contexts. Under the 
near-neutral pH conditions typical of manure and sludge, alkalinity is 
primarily governed by bicarbonate (HCO₃− ), the dominant DIC species. 
Therefore, DIC serves as a chemically precise proxy for alkalinity in this 
context. This work investigates the impact of DIC on vivianite formation 
across manure matrices with varying DIC concentrations and proposes 

mitigation strategies to enhance phosphate recovery, including DIC 
stripping and targeting low-DIC substrates.

2. Material & methods

2.1. Pig manure preparation and characteristics

Fresh pig manure was collected in September 2023 from the Tijs farm 
located in Hoge Hexel, the Netherlands (3900 feeder pigs with straw 
bedding). The experiment with fresh manure was conducted shortly 
after collection. To simulate manure aging under controlled conditions, 
fresh manure was stored in a jerry can equipped with a gas exhaust 
system at ambient laboratory temperature (23 ◦C) for a period of four 
months. Notice that, in the Netherlands, approximately 30 % of manure 
was stored in pits as of 2020, with the remainder managed through 
systems such as solid-liquid separation or deep litter bedding [29]. On 
Dutch pig farms, manure was typically retained in storage pits for du
rations ranging from six months to one year [30]. Given that ambient 
outdoor temperatures in the Netherlands are generally lower than lab
oratory conditions, the elevated temperature during laboratory storage 
may partially compensate for the shorter retention time. Consequently, 
this setup approximates the partial anaerobic digestion that occurs 
during pit storage, albeit under more controlled and accelerated con
ditions. In addition, mono-digested manure from the same source, 
collected at the same time, was used in a separate set of experiments 
conducted in May 2024. The digester temperature was 38 ◦C with a 
retention time of 40 days [31]. The composition of these three manure 
types—fresh, 4-month-aged, and digested—is summarized in Table 1.

2.1.1. Stripping digested manure
Unlike fresh and aged manure, digested manure can contain a more 

heterogeneous mixture of feedstocks [32] and is often supplemented 
with additives, such as iron salts (Table 2), to suppress hydrogen sulfide 
emissions [33]. Despite this complexity, digested manure offers opera
tional advantages for phosphorus recovery, including lower solids con
tent and wider adoption of anaerobic digestion for biogas production 
[34]. Integrating vivianite-based phosphate recovery into existing 
digestion infrastructure presents a promising pathway for circularity.

To enhance vivianite formation and minimize excessive iron dosing, 
DIC was removed from digested manure via gas stripping (Fig. A 1). This 
process involved purging 1.5 L of digested manure in a 5 L bottle with 
nitrogen gas under continuous magnetic stirring (Heidolph), while col
lecting the stripped CO2 in a 0.1 M NaOH solution. This method 

Table 1 
Total elements of microwave-digested and soluble fraction of 0.45 μm filtered 
fresh, 4-month-aged, and digested manure.

c (g/kg dried) Fresh manure 4-month-aged manure Digested manure

total elements (N = 3)
Mg 20 ± 1 16 ± 2 26 ± 1
P 18 ± 1 14 ± 2 30 ± 1
Fe 1.9 ± 0.2 1.4 ± 0.2 18 ± 1
S 14 ± 1 11 ± 2 23 ± 1
Ca 29 ± 2 26 ± 5 41 ± 1
TS (g/kg) 123 ± 1 132 ± 2 55 ± 1
VS (g/kg) 98 ± 1 101 ± 2 35 ± 1
mg/L soluble fraction (N = 3)
Mg 570 ± 20 352 ± 4 30 ± 1
P 7.9 ± 0.3 11.9 ± 0.4 17 ± 1
Fe – – 22 ± 1
S 540 ± 20 540 ± 80 112 ± 1
Ca 290 ± 30 61 ± 2 12.6 ± 0.5
K+ 5550 ± 40 6140 ± 40 5510 ± 80
Na+ 1770 ± 50 1910 ± 50 1610 ± 90
Cl− 3580 (N = 1) 3650 ± 40 2730 ± 40
NH4

+ 7040 (N = 1) 7220 ± 40 7530 ± 30
HCO3

− 6700 (N = 1) 19,500 (N = 1) 23,000 ± 2000
pH 7.0 7.7 8.7
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facilitates the combined removal of ammonia and CO₂ without using a 
base to increase the pH (for ammonia stripping), or an acid (for CO2 
stripping) (Eqs. (1) and (2)). Overall, the pH increased during the pro
cess, implying that the protonation of DIC cost more protons than the 
deprotonation of ammonium (Fig. A 1). 

HCO−
3 (aq) ̅̅̅̅̅̅̅̅→

Stripping gas OH− (aq)+CO2 (g) (1) 

NH+
4 (aq)+OH− (aq) ̅̅̅̅̅̅̅̅→

Stripping gas NH3 (g)+H2O (l) (2) 

Samples (200 mL + 5 mL for analysis) were collected after 0 h, 24 h, 48 
h, 96 h, and 168 h of stripping. As CO₂ removal increased the pH, 
samples were acidified to pH 8 using 2 M HCl (Titrando) to optimize 
conditions for vivianite formation [19], with the resulting DIC concen
trations ranging from 30 mM to 220 mM.

2.2. Iron dosing experiments

2.2.1. In fresh, 4-month-aged, and digested manure
To investigate the prevalence of struvite, vivianite, and siderite 

under varying concentrations of dissolved inorganic carbon (DIC), a 
series of iron dosing experiments were conducted using three distinct 
manure matrices: fresh manure, 4-month-aged manure, and stripped 
digested manure. Iron(II) chloride tetrahydrate (FeCl₂⋅4H₂O) from a 
10.7 M stock solution was introduced in the manure, first at a stoi
chiometric Fe/S molar ratio of 1 to facilitate sulfur binding, and then at a 
Fe/P ratio of 1.5 to promote vivianite formation. Iron addition was 
performed gradually with intermittent stirring to mitigate foam forma
tion resulting from gas release. All treatments were conducted in trip
licate, alongside control samples without iron addition. The 
experimental vessels were sealed, connected to a gas exhaust system, 
and incubated at room temperature on a rotary platform shaker (Hei
dolph Unimax 2010) operating at 100 rpm for a duration of up to two 
weeks. Sampling (5 mL per time point) was performed at regular in
tervals to monitor soluble elements, ammonium, and DIC concentra
tions. By monitoring the soluble phase, dissolution and precipitation 
processes can be tracked, inferring information on phase transformation 
in the solid phase. Since the experiments on the different manure types 
were performed sequentially, the sampling times were readjusted for 
each experiment. The soluble phase did not change much after 48 h in 
the fresh manure experiment, which was executed first. Therefore, the 4- 
month-aged experiment was terminated after 384 h, and after 48 h for 
digested manure, the latter reflecting a more practical timeframe for 
applied settings. The complete overview of experimental volumes and 
sampling time points is provided in Table 2. At the final sampling point, 
50 mL were withdrawn from each bottle for solids analysis to determine 
the different mineral phases in the sample and quantify the amount of 
vivianite and siderite.

2.2.2. In ultrapure water
To isolate the role of DIC without the complexity of manure matrices, 

additional experiments on vivianite formation were conducted in ul
trapure water. Struvite (MgNH4PO4*6 H2O) from the water authority Aa 

& Maas in the Netherlands (via Aquaminerals) was used as phosphorus 
feedstock. In a glovebox (DO<0.1 %), NaHCO3 was added at different 
DIC concentrations (3, 30, and 300 mM) to 100 mL serum bottles con
taining struvite (5 mM of P), and the pH was adjusted to 8 (Table A 1). 
Iron was added from the 10.7 M FeCl₂⋅4H₂O stock solution at a stoi
chiometric Fe/P ratio of 1.5 (7.5 mM Fe). The ultrapure system used 10- 
fold lower concentrations of both struvite and iron compared to the 
manure experiments, in order to limit pH shifts in a system with limited 
buffering capacity. Therefore, the struvite-to-DIC ratios in the 3 and 30 
mM DIC experiments were comparable to those in fresh and aged 
manure, respectively. The bottles were shaken at room temperature at 
100 rpm for two weeks. Aliquots (1.5 mL) were collected at 0.5 h, 1.5 h, 
3.5 h, 6 h, 24 h, 48 h, 168 h, and 336 h for analysis.

2.3. Characterization

For soluble phase analysis, samples were centrifuged at 4750 rpm for 
10 min (Beckman Coulter, Avanti J-15R), and the supernatant was 
filtered through 0.45 μm syringe filters (Millipore). Elemental concen
trations were measured by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES; Thermo Scientific iCAP Pro, with yttrium 
standard). Ammonium was quantified using ion chromatography (Met
rohm Compact IC Flex 88), and DIC was determined via total organic 
carbon analysis (TOC-L CPH, Shimadzu) [27,28].

Manure total elemental composition was assessed via microwave 
digestion of 2 mL wet samples in 69 % HNO₃ using a sludge and solids 
protocol (180 ◦C for 15 min) (Milestone Ethos Easy) [27,28], followed 
by ICP-OES analysis.

For solid phase analysis, the final samples (50 mL) were centrifuged 
at 4750 rpm for 10 min and imported into a glovebox with N2 atmo
sphere (25 ◦C). The supernatant was decanted inside the glovebox, the 
solids were spread out in petri dishes, and dried under an aluminum 
cover with small holes for aeration to minimize light exposure of the 
samples. Characterization included the following: 

• Scanning Electron Microscopy (SEM; JEOL JSM-6480LV) coupled 
with Energy Dispersive X-ray Spectroscopy (EDX; Oxford In
struments x-act SDD Energy Dispersive X-ray spectrometer) to 
investigate morphology and elemental distribution [35,36]. Small 
pieces of the dried manure were stuck on the SEM-EDX holder in the 
glovebox, but air-exposed when mounting the samples in the appa
ratus. Samples were then gold-coated (10 nm) under vacuum (15 Pa, 
25 mA), and measurements were taken at 12 kV with a 10 mm 
working distance. Data acquisition and analysis were performed 
using JEOL and Aztec software.

• X-Ray Diffraction (XRD; PBruker D8 Advance diffractometer), to 
investigate crystalline phases as previously done on digested sludge 
[35], was performed on samples ground in the glovebox, and sent for 
measurement in parafilm-sealed tubes, but air-exposed during 
analysis. Powders were mounted on Si510 wafers, scanned with Cu 
Kα radiation (5◦–80◦ 2θ, 0.008◦ step size, 2 s/step), and analyzed 
using Bruker DiffracSuite EVA software.

• Mössbauer Spectroscopy, to speciate and quantify iron phases as has 
previously been established for digested sludge samples [35,37,38]. 
Measurements were performed at 295 K, with conventional constant 
acceleration or sinusoidal velocity spectrometer, using a 57Co(Rh) 
radioactive with a α-Fe as calibration reference. Samples were 
ground and sealed in the glovebox before exporting them outside for 
measurements. For the 4-month-aged manure, additional measure
ments were conducted at 4 K due to unclear vivianite signals at room 
temperature. At this temperature, magnetic ordering permits more 
definitive phase identification due to sextet formation [39]. Spectra 
were analyzed using MossWinn 4.0 [40].

The phosphate fraction bound to the iron in vivianite detected with 
Mössbauer Spectroscopy was estimated using Eq. (3): 

Table 2 
Iron dosing experiments in different manure, with manure volume, batch type, 
iron dose added to the manure, and soluble phase sampling points.

V 
(L)

Batch type Fe added 
(g/L)

soluble phase sampling 
times (h) (for ICP)

Fresh 0.5
Triplicate with 
blank 7.9

1, 2, 3.5, 6, 24*^, 48^, 
168^, 336^, and 504*^ h

4-month- 
aged 0.5

triplicate with 
blank 6.8

1, 6^, 24*^, 48^, 192^, 
and 384*^ h

Stripped 
digested 0.2

0, 24, 48, 96, 168 
h stripped 5.6 1, 4, 24, and 48 h

*sampling points include NH4+, ^sampling points include DIC.
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% P vivianite =
(% Fe vivianite A + % Fe vivianite B) • total Fe

1.5 • total P
• 100%

(3) 

With % Fe vivianite A and B as determined by Mössbauer spectroscopy, 
total Fe and P, the total molar concentration of the element determined 
at the end of the experiment, and the factor 1.5 reflects the molar Fe/P 
ratio typical of stoichiometric vivianite. The error on this value was 
calculated using Gaussian error propagation and assuming an error of 3 
% on total elemental concentrations based on the error margins in 
Table 1.

2.4. MINTEQ calculations

Visual MINTEQ was used to simulate how vivianite precipitation in 
fresh, 4-month-aged, and stripped digested manure is affected by vary
ing DIC and NH4

+ concentrations. Model inputs were based on measured 
elemental compositions (Table 1) and ion chromatography results for 
Na+, Cl− , and K+. DIC and NH4

+ concentrations could only be measured 
in the liquid phase. However, XRD indicated the presence of these ions 
to also be present in the solid phase, as calcite and struvite respectively 
(Fig. 2). Hence, the input for CO3

2− was the sum of DIC and the equimolar 
concentration of total calcium assuming most calcium was bound in 
calcite, and the input for NH4

+ was the sum of soluble NH4
+ and the 

equimolar concentration of total phosphorus assuming most phosphorus 
was bound as struvite. For HS− total sulfur was input assuming most 
sulfur to be present as sulfide in the anaerobic conditions of the manures 
(Section 3.1). Simulations were conducted at the final pH of each 
experiment, using the Specific Ion Interaction Theory (SIT) modeling 
[41], with details provided in Table 3.

3. Results & discussion

3.1. Vivianite vs siderite formation in manure

The presence of phosphate in fresh and 4-month-aged manure with 
and without iron addition was studied by SEM-EDX analysis (Fig. 1). 
Elemental mapping revealed a predominant co-localization of magne
sium and phosphorus in the blank manures, suggesting that magnesium- 
bound phosphorus is the dominant P species in both fresh and 4-month- 
aged manures. The morphology of these phosphorus-rich regions, 
characterized by well-defined, box-like structures, is consistent with 
struvite (MgNH₄PO₄⋅6H₂O) crystals [72]. This interpretation was 
corroborated by X-ray diffraction (XRD) data (Fig. 2), which confirmed 
the presence of struvite and showed the presence of calcite in the blank 

samples. A notable feature in the XRD patterns is the broad hump with 
the struvite peak at approximately 20◦ 2θ, suggesting potential struc
tural disorder in struvite, or the presence of poorly crystalline or ultra
fine particles. Most of the phosphorus is likely present as struvite. Based 
on the elemental composition of the manures (Table 1), there is enough 
magnesium to bind all the phosphate in struvite (struvite Mg/P = 1). 
Nevertheless, the presence of calcium phosphate is not uncommon in 
manure [42] and a small amount of the phosphate could be bound to 
calcium in this manure, since SEM-EDX imaging revealed a few particles 
in fresh manure where calcium and phosphorus signals overlapped.

Upon iron addition, the iron precipitated in both fresh and 4-month- 
aged manure, with a quicker precipitation in the latter (Fig. A 2). 
Moreover, the DIC decreased in both manures, with a bigger decrease for 
the 4-month-aged manure. In the fresh manure, roughly 80 % of the 
magnesium was released into the solution within 24 h, indicating the 
dissolution of struvite (Fig. A 2). The pH dropped from 7.0 to 6.8 in the 
fresh manure and 7.7 to 7.2 in the 4-month-aged manure over the course 
of the experiment. The SEM-EDX analysis of the solids shows a co- 
localization of iron and phosphorus elemental maps in the fresh 
manure. The iron and phosphorus maps are congruent with round 
shapes approximately 10–20 μm in diameter, indicating vivianite. In the 
4-month-old manure, the predominant magnesium and phosphorus co- 
localization was observed, as in the blank manures, indicating stru
vite. The iron distribution in this sample appeared more diffuse, with a 
reduction in high-density agglomerates that would indicate mineral 
formation. XRD patterns revealed the disappearance of struvite reflexes 
in fresh manure, with new peaks appearing, corresponding to vivianite 
(Fe₃(PO₄)₂⋅8H₂O). Moreover, reflexes that are likely attributed to KCl are 
more intense in this sample, which could be related to the sample con
taining more liquid before it started drying. Both K+ and Cl− concen
trations are high in the liquid phase of the manure and are deposited 
during the manure drying process. In contrast to the fresh manure, the 4- 
month manure retained some struvite and calcite but also exhibited 
weaker vivianite signals. Notably, an additional crystalline phase cor
responding to siderite (FeCO₃) emerged in the 4-month-aged manure.

The Mössbauer spectroscopy analysis, presented in Fig. 3 and 
Table 4, further elucidated the nature of iron speciation in Fe-dosed 
fresh and 4-month-aged manures. For both manures, vivianite was 
identified at 295 K by the presence of two distinct doublets representing 
the two unique Fe(II) environments within the vivianite structure with 
one iron atom in site A and two iron atoms in site B per unit cell [43]. 
These doublets can be identified as vivianite with isomer shifts (IS) of 
1.16 and 1.20, and quadrupole shifts (QS) of 2.45 and 2.91 in the 
literature [44]. In fresh manure, the Mössbauer fitting suggests that 64 
% of the total iron was present as vivianite. Based on Eq. 3, this would 
account for 97 ± 6 % of the total phosphorus. The remaining 36 % of 
iron was attributed to either Fe(III) (such as oxidized vivianite [37] 
species or low-spin Fe(II), possibly arising from iron sulfides. Given that 
most phosphate would be bound in vivianite based on the Fe (II) viv
ianite A and B contributions alone, and that iron sulfides are thermo
dynamically favored under reducing conditions [22], this portion of the 
iron is likely present as an iron sulfide phase, in agreement with previous 
studies [45]. Moreover, studies on digested sludge assumed the stoi
chiometry of Fe/S to be 1 [35] which is a typical stoichiometry of iron 
sulfide phases [46]. The calculations of the percentage of iron bound to 
sulfur based on this stoichiometric ratio and the measured elemental 
composition of manure, the sulfur concentration would account for 37 % 
of the total iron, consistent with the Mössbauer-derived value of 36 %.

Vivianite could also be observed in 4-month-aged manure. While the 
parameters are well aligned with literature [44], the distribution be
tween the two vivianite sites A and B is not according to the stoichio
metric ratio. Theoretically, site B should have double the contribution of 
site A, since two iron atoms are in site B and one is in site A as defined for 
the vivianite crystal structure. However, here, the site A contribution is 
1.5 times higher than site B. Partial substitution of iron by magnesium 
could explain this distortion [47], but could not be proven with SEM- 

Table 3 
Input values for MINTEQ calculations based on the SIT ionic activity model, with 
varying DIC and ammonium values. List of possible solids: Ca3(PO4)2 (am2), 
CaHPO4:2H2O(s), Mackinawite, Vivianite, Struvite, Siderite, MgHPO4:3H2O(s), 
Calcite, Magnesite, Fe(OH)2 (am).

c (mM)

Digested manure

Component Fresh
4-month- 
aged 
manure

30 
mM 
DIC

55 
mM 
DIC

75 
mM 
DIC

135 
mM 
DIC

220 
mM 
DIC

CO3
2− 200 410 90 115 135 195 280

NH4
+ 460 460 50 100 200 345 430

Fe2+ 140 120 135 120 115 115 115
PO4

3− 70 60 80 70 60 50 55
HS− 55 45 55 50 40 35 40
Ca2+ 90 90 120 75 70 60 60
Mg2+ 100 90 85 75 65 55 55
K+ 140 155 140 140 140 140 140
Na+ 75 80 70 70 70 70 70
Cl− 200 200 290 290 290 290 290
pH 7.0 7.5 7.1 7.3 7.6 7.6 7.9
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EDX (Fig. A 3). A preferred oxidation at site B could explain the smaller 
contribution of this site in 4-month-aged manure better. Counting only 
iron(II) vivianite contributions 49 % of the phosphate would be bound as 
vivianite. To improve iron phase discrimination, low-temperature (4 K) 
Mössbauer measurements were conducted. However, the complexity of 
the spectrum increased, likely due to fine particle size and compositional 
heterogeneity [48]. At 4 K the two fully split sextuplets of vivianite can 
be identified, indicating that 27 % of total iron was in vivianite, trans
lating to ~41 % of the phosphate present. In this case, the site ratio A/B 
was one, still indicating a reduced contribution of site B as observed at 
295 K. Oxidation of the vivianite remains a likely explanation for this, 
with Fe (III) contributions clearly distinguishable in the 4 K spectrum 
(light and dark brown lines for oxidation in site A and B respectively in 
Fig. 3). Adding Fe(II) and Fe(III) components, the total amount of iron 
would be 22 % in site A and 29 % in site B. Even then, the B/A ratio is 
only 1.3, so impurities such as magnesium remain an option even though 
SEM-EDX might not have been sensitive enough to detect them.

A substantial difference between the fresh and 4-month-aged manure 
iron speciation is the siderite present in 4-month-aged manure, ac
counting for approximately 36 % of the total iron content, as determined 
by Mössbauer spectroscopy. The isomer shift and quadrupole splitting 
closely match the characteristic values reported for siderite (IS = 1.22, 
QS = 1.80) [49] confirming its presence. The competitive formation of 
siderite and vivianite has been documented in both natural and engi
neered environments. For instance, Chen et al. (2022) observed reduced 
phosphate precipitation in the presence of equimolar concentrations DIC 
and phosphate in synthetic kitchen waste, suggesting that DIC can 
compete with phosphate and thus inhibit vivianite formation [50]. The 
presence of siderite in the same place as vivianite has also been reported 
in lake sediments and has been related to pH, with vivianite prevailing at 
pH 6 and siderite at pH 8 [51]. However, the nature of the composition 
in iron-dosed manure is very different from lake sediments, with mag
nitudes higher concentrations of iron, phosphate, and carbonate. In the 
present study, the pH was 7.0 in fresh manure and 7.2 in 4-month-aged 
manure at the end of the experiment, which is a minor difference 
compared to the concentrations of theses ions, and therefore unlikely to 
be the dominant factor influencing the iron phase formation. Instead, 

the markedly higher DIC concentration in the aged manur
e—approximately 320 mM (20 g/L HCO₃− ) compared to 110 mM (7 g/L 
HCO₃− ) in the fresh manure—likely shifted the chemical equilibrium 
toward siderite precipitation. Similar observations were made for cal
cium phosphate granulation in cow manure [27]; and struvite formation 
in dairy manure [52] where a high DIC precipitated the calcium and 
magnesium cations instead of phosphate. With the experiments here, it 
is shown that the inhibitory effect of DIC in manure also extends to 
ferrous phosphate formation.

3.2. Vivianite vs siderite formation in ultrapure water

To reproduce the influence of DIC on struvite dissolution and viv
ianite formation, precipitation in ultrapure water with increasing DIC 
concentrations (3, 30, 300 mM) was evaluated. The temporal evolutions 
of iron, magnesium, phosphorus, and DIC in the liquid phase are pre
sented in Fig. 4. The results indicate that increasing DIC concentrations 
accelerate iron precipitation in the form of siderite. Concurrently, 
magnesium and phosphorus—initially present as struvite—were 
released into solution as struvite dissolved. Notably, higher DIC con
centrations led to a more pronounced release of both ions. This obser
vation is in contrast with the results from iron dosing in 4-month-aged 
manure, where elevated DIC did not result in significant phosphorus and 
magnesium release. The DIC of the 30 mM sample displayed an inter
esting pattern, with the DIC decreasing at the beginning only to increase 
again after 24 h. This suggests that first DIC precipitated as siderite and 
then redissolved. The pH decreased in the 3 and 30 mM experiments 
from 7.7 to 7.3 and 7.8 to 7.5, respectively, and slightly increased in the 
0 and 300 mM samples from 7.5 to 7.6 and 7.9 to 8.1, respectively. A 
decrease in pH could be due to the addition of FeCl2, an acidic salt, and 
due to the deprotonation of bicarbonate during siderite formation. 
Struvite dissolution, however, increases the pH due to the release of 
deprotonated phosphate. Vivianite formation should not change the pH 
much since the deprotonated phosphate would be incorporated into the 
vivianite structure. It seems struvite dissolution is the dominant factor 
influencing the pH in the 0 and 300 mM samples, while siderite pre
cipitation seems to mainly influence the pH in the 3 and 30 mM samples.

Fig. 1. Electron microscopy images of iron-dosed fresh manure and 4-month-aged manure, as well as respective blanks. The EDX maps of Mg, Ca, Fe, and P highlight 
the presence of phosphate as vivianite in the iron-dosed fresh manure, and as struvite in the others.
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X-ray diffraction analysis (Fig. 5) supported the trends observed in 
the liquid phase. Siderite reflections were detected at elevated DIC, 
confirming that both carbonate and phosphate were competing for iron 
under these conditions. However, at low DIC concentrations, vivianite 
reflections were relatively weak, while higher DIC concentrations cor
responded with diminished struvite. At the highest DIC levels, a broad 
hump in the XRD patterns between 15◦ and 25◦ 2θ suggested the for
mation of an amorphous or nanoparticulate phase which could be 
related to the precipitation of fine iron minerals or the dissolution of 
struvite to small particles.

Despite the qualitative similarities, notable discrepancies exist be
tween the ultrapure water system and the manure matrix. One key dif
ference was, as mentioned in 3.2, that struvite and iron were less 
concentrated than in manure. Moreover, the higher ionic strength in 
manure will influence the solubility of the ions and crystallization in the 
system. Generally, an increased ionic strength decreases the activity 
coefficient of ions and their likelihood to precipitate. However, if more 
ions of the same type are present, they are more likely to precipitate 
[53]. In fresh manure, more vivianite precipitation than in the ultrapure 
system was observed, which could be due to the higher concentration of 
iron that was added to the solution. Nevertheless, assessing the effect of 
ionic strength is more complicated due to the diverse composition of 
ions in manure.

Another notable difference between the ultrapure system and the 
manure system is the counter ion of carbonate. Sodium bicarbonate was 

used in the ultrapure system, whereas DIC is known to balance out 
ammonium in manure matrices [54]. Given that struvite solubility is 
sensitive to the concentrations of its constituent ions—magnesium, 
phosphate, and ammonium—the high ammonium levels in manure 
(Table 1) are likely to suppress struvite dissolution at higher DIC. 
Modeling the experimental conditions in ultrapure water at pH 8 using 
MINTEQ confirmed that increasing ammonium concentrations theoret
ically reduce the extent of struvite dissolution, as indicated by dissolved 
magnesium (Fig. A 4). In the absence of ammonium, struvite dissolution 
could be increased in the presence of DIC due to the formation of dis
solved magnesium carbonate and bicarbonate complexes. MINTEQ 
predicted all magnesium to be dissolved at 300 mM DIC using sodium as 
a counter ion, with 36 % present as magnesium bicarbonate and 10 % 
present as magnesium carbonate. Hence, the choice of the carbonate 
counter ion plays an important role in reproducing the manure system in 
ultrapure water. However, in the case of fresh manure, ammonium 
concentrations are similarly elevated as those in 4-month-aged manure 
(390 mM and 400 mM, respectively). Therefore, the high DIC seems to 
play a more significant role in preventing vivianite formation from 
struvite than high ammonium concentrations in solution.

3.3. DIC stripping of digested manure

Since a high DIC seems to be the main reason for the absence of 
vivianite formation in manure systems, working with fresh manure 

Fig. 2. Baseline corrected XRD patterns of blank and iron amended fresh and 4-month-aged manures with the identified crystal phases [70].
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could be recommended. An alternative could be progressively removing 
DIC from aged or digested manure, which can even be combined with 
ammonia stripping of digested manure, reducing both DIC and ammo
nium in the manure (Section 2.2). Fig. 6 presents Mössbauer spectra of 
the solids of five iron dosed digested manure samples subjected to 
ammonia stripping, hence with different DIC levels. Relevant Mössbauer 
parameters are summarized in Table 5. Consistent with previous ob
servations in fresh and 4-month-aged manure, iron speciation in diges
ted manure was dominated by phosphate-, sulfide-, or carbonate-bound 
forms. In the sample with the highest DIC concentration, siderite and 
iron(III)/low-spin iron(II) species— which could be attributed to iron 
sulfides similarly to what was done in Section 3.1—were the only 
identified iron-containing phases. As DIC concentrations decreased, the 
relative spectral contribution of vivianite increased, accompanied by a 
decline in the siderite and iron(III)/low-spin iron(II) phases’ abundance. 

However, the proportion of the iron(III)/low-spin iron(II) sulfide phase 
in the less stripped digested manure samples appears disproportionately 
high when compared to the sulfur content in manure, assuming the 
maximum Fe/S molar ratio of 1 (see Section 3.1). This discrepancy 
suggests that part of this spectral contribution may arise from uniden
tified iron(III) and/or low-spin iron(II) phases distinct from iron sulfides 
(see Table 5). In fact, the elevated line width of these contributions also 
supports a small particle size, which could stem from small iron(III) 
particles such as ferrihydrite. Table 6 illustrates that decreasing DIC 
concentrations correlate with a lower contribution from these unat
tributed iron phases. Due to the limitation of having Mössbauer spectra 
only from measurements performed at 295 K, further identification of 
these phases remains speculative. At this temperature, the phase is 
consistent with either a low-spin iron(II) or an iron(III) species. How
ever, low-spin iron(II) phases other than iron sulfides are unlikely to 

Fig. 3. Mössbauer spectra at 295 K of fresh manure and at 295 K and 4 K of 4-month-aged manure with fitted iron phases.
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form in manure, as such species typically require strong-field ligands 
like cyanide, carbonyl, or synthetic chelators (e.g., bipyridine) [55], 
which are not typically found in manure matrices [54]. Consequently, 
the presence of iron(III) species appears more plausible, suggesting 
oxidation of the siderite phase.

Siderite oxidizes easily [56,57] and it is conceivable that partial 
oxidation occurred during sample preparation. Rothwell et al. (2025) 
demonstrated that synthetic siderite oxidizes within hours under 
ambient conditions, although partial Fe(II) preservation was observed 
for up to 500 h in the presence of low-molecular-weight organic acids, 
compounds also found in manure [58]. These acids could therefore ac
count for the coexistence of the preserved siderite together with the 
oxidized iron(III) phases, while vivianite oxidized more slowly. Alter
natively, kinetic constraints may have influenced phase development. 
Like in fresh manure, magnesium went into solution upon iron addition 
to the digested manure samples, indicating the dissolution of struvite. 
Equilibrium was assumed to be reached after 48 h based on the stabi
lization of dissolved magnesium concentrations, indicative of struvite 

dissolution (see Figs. A 3, A 5, A 6). Unlike magnesium, no dissolved 
phosphate was detected post-treatment, suggesting that phosphate was 
incorporated into another solid phase, presumably vivianite. Notably, in 
a separate proof-of-concept experiment, Prot et al. conducted Mössbauer 
spectroscopy on samples of manure dosed with 11 g/L iron after one day 
and five weeks [20]. They observed a significant reduction in the iron 
(III)/low-spin iron(II) spectral contribution—from 63 % to 27 %, 
respectively — concurrent with increased vivianite and siderite signals. 
This finding suggests that additional vivianite and siderite may have 
formed in high-DIC samples when the experiments had been conducted 
over longer timeframes.

While vivianite formation correlates with lowering the DIC, struvite 
dissolution could also be related to lowering the ammonium concen
tration, as elaborated in Section 3.2. In this set of experiments, both DIC 
and ammonium concentrations were lowered through stripping. In 
comparison to magnesium dissolution in fresh manure, the magnesium 
dissolution happened faster in the stripped digested samples. The mag
nesium release seemed to stabilize after 24 h in the former, while it was 

Table 4 
Distribution of Fe species according to Mössbauer analysis at 295 K measurements of fresh manure and 295 K and 4 K measurements of 4-month-aged manure, with 
isomer shift (IS), quadrupole splitting (QS), magnetic field (B), line width (LW), and related Fe spectral contribution percentage (% Fe). The last column shows the 
estimated percentage of P in vivianite based on vivianite quantification from Mössbauer analysis. Errors: IS, QS, LW ± 0.01 mm/s; B ± 1 T; % Fe ± 3 %.

T Fe species IS (mm/s) QS (mm/s) B (T) LW (mm/s) % Fe % P in vivianite

Fresh manure 295 K vivianite A 1.14 2.37 – 0.35a 23 97
vivianite B 1.22 2.91 – 0.35a 41
Fe(III)/ ls Fe (II) 0.47 0.59 – 0.55 36

4-month-aged manure 295 K vivianite A 1.16 2.41 – 0.32a 19 49
vivianite B 1.19 2.81 – 0.32a 13
siderite 1.23 1.85 – 0.31 37
Fe(III)/ ls Fe (II) 0.38 0.68 – 0.51 31

4-month-aged manure 4 K vivianite A 1.56 1.86 28 0.62a 13 41
vivianite B 1.51 2.21 16 0.62a 14
Fe(III) vivianite A 0.54 − 0.36 43 1.30a 9
Fe(III) vivianite B 0.57^ − 0.49 49 1.30a 15
low spin Fe (II) 0.43 1.58 – 1.19b 26
siderite 1.43 – 17 1.16b 26

a Fixed same line width for vivianite A and B contributions.
b Fixed parameters.

Fig. 4. Time-dependent concentrations of dissolved species in ultrapure water at varied NaHCO3 concentrations, with 5 mM struvite, 7.5 mM FeCl2, and pH 8.
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after 4 h in the latter. As was discussed by Schott et al. [27,28], and in 
Section 3.2, DIC is the main barrier in the formation of calcium and iron 
phosphates, respectively. However, lowered ammonium concentrations 
influence the kinetics of struvite dissolution, and this could have a 
further influence on the formation of the iron phosphate phase. To fully 
elucidate the transformation pathways of iron species in manure, further 
time-resolved solid-phase characterization in the initial hours following 
iron addition is necessary.

3.4. DIC thresholds for vivianite formation in digested manure, THP 
digested sludge, and raw manure

As discussed in Section 3.3, a reduction in dissolved inorganic carbon 
(DIC) in digested manure significantly promotes the formation of viv
ianite. Mössbauer spectroscopy enabled quantification of iron incorpo
rated into vivianite, allowing for correlation with the DIC concentration 
of each sample. To facilitate a more accurate comparison, the estimated 
amount of iron present as iron sulfide—assuming a stoichiometric Fe/S 
ratio of 1—was subtracted from the total iron content. This correction 
yielded the percentage of iron attributed to vivianite, adjusted for sulfur 
interference, as outlined in Section 3.1. The molar amount of iron in 
vivianite was calculated using Eq. (4): 

Fe in vivianite = (% Fe vivianite A + % Fe vivianite B) • total Fe (4) 

The sulfur-corrected percentage of iron in vivianite was then determined 
using Eq. (5): 

% Fe in vivianite corrected for S =
Fe in vivianite

total Fe − total S
• 100% (5) 

With % Fe vivianite A and B as determined by Mössbauer spectros
copy, total Fe and S, the total molar concentration of the element 
determined at the end of the experiment.

Fig. 7a illustrates the inverse relationship between DIC concentration 
and sulfur-corrected % Fe in vivianite. The data exhibits a slightly 
sigmoidal trend, with vivianite formation approaching a maximum at 
approximately 55 mM DIC. A more pronounced increase in vivianite 

content is observed below 30 mM DIC, suggesting a threshold for 
optimal vivianite formation between 30 and 55 mM DIC. This corre
sponds to a bicarbonate concentration of approximately 2–3 g/L. This 
threshold aligns with typical bicarbonate concentrations in digested 
sludge, which are around 3 g/L [59], supporting the hypothesis that 
vivianite formation in sludge is generally limited by sulfide availability 
rather than DIC [35,37,60]. However, minor siderite formation has been 
reported in Finnish sludge samples, potentially due to elevated iron 
concentrations [17]. Prot et al. also reported higher DIC concentrations 
in sludge—up to 6.3 g/L HCO₃− (approximately 100 mM DIC)—which, 
based on the present findings, may inhibit vivianite formation. Such 
elevated DIC levels are particularly relevant in thermal hydrolysis plants 
(THPs), where ammonium concentrations can reach approximately 120 
mM due to enhanced protein degradation [61,62]. This increase in 
ammonium is typically balanced by a corresponding rise in DIC. Indeed, 
THP-derived digested sludge samples (Table A 2) exhibited both 
elevated DIC and siderite formation, along with reduced vivianite con
tent as detected with Mössbauer spectroscopy (Fig. A 7, Table A 3). 
Notably, the vivianite content at these DIC levels aligns with the trend 
observed in stripped digested manure (blue triangle in Fig. 7a), sug
gesting that the findings from digested manure can be extrapolated to 
wastewater treatment systems with elevated DIC, such as THPs.

Whether the observed relationship between DIC concentration and 
iron incorporation into vivianite also applies to fresh and 4-month-aged 
manure remains to be fully established. Additionally, the extent to 
which this relationship can be predicted using the MINTEQ software for 
chemical equilibrium modeling was explored (Table 2 and Table A 2). 
Notably, both fresh and 4-month-aged manure exhibited elevated 
phosphate concentrations, attributed to higher total solids (TS) content 
(see Table 1), which necessitated proportionally higher iron dosing to 
achieve comparable vivianite formation. To enable consistent compar
ison across samples with varying DIC and competing anion concentra
tions, the absolute DIC values from Fig. 7a were normalized. This was 
achieved by dividing the combined molar concentrations of phosphate 
and sulfide by the DIC concentration of each sample. A stoichiometric 
Fe/S molar ratio of 1 was assumed (as discussed in Section 3.1), while 

Fig. 5. Baseline corrected XRD patterns of the precipitates in the vivianite vs siderite formation experiment in ultrapure water with varied NaHCO3 concentrations, 5 
mM struvite, 7.5 mM FeCl2, and at pH 8, together with the identified crystal phases [70].
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for phosphate, the stoichiometric Fe/P ratio of 1.5—corresponding to 
vivianite—was applied. This yielded the dimensionless parameter: 

(1.5 P+ S)/DIC 

Fig. 7b presents a comparison of this normalized parameter across 
stripped digested manure, fresh and 4-month-aged manure, and THP- 
derived digested sludge (represented by squares, dots, diamonds, and 

triangles, respectively). Experimental data are contrasted with MINTEQ 
predictions, with filled symbols representing measured values and out
lined symbols representing model outputs. Experimentally, vivianite 
formation plateaued at a normalized ratio of approximately 2–3 in both 
fresh and stripped digested manure. Interestingly, 4-month-aged 
manure supported more efficient vivianite formation at lower normal
ized ratios. However, quantification of vivianite in the 4-month-aged 

Fig. 6. Mössbauer spectra at 295 K of stripped digestated manure with different DIC content, with fitted iron phases.

S. Banke et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 524 (2025) 169019 

10 



manure sample via Mössbauer spectroscopy proved more challenging, 
likely due to sample-specific complexities such as mineral in
homogeneity or particle size effects. In contrast, for the other manure 
samples, the extent of struvite dissolution—assessed via magnesium and 
ammonium release—correlated well with phosphate incorporation into 
vivianite as determined by Mössbauer analysis (Fig. A 6), supporting the 
reliability of the method in those cases. In the 4-month-aged manure 
sample, however, the observed struvite dissolution was lower than ex
pected based on Mössbauer-derived vivianite content. This discrepancy 
suggests a potential overestimation of vivianite by Mössbauer spec
troscopy in this specific case, possibly due to the aforementioned factors.

Geochemical modeling using MINTEQ was employed to assess the 
thermodynamic predictability of DIC as a barrier to vivianite formation. 
The MINTEQ simulations predicted a sharp increase in vivianite for
mation—from 0 % to 90 %—at normalized DIC ratios below 1. In 
contrast, experimental data revealed a more gradual increase in viv
ianite formation, especially in stripped digested manure samples with 
intermediate DIC concentrations (75–135 mM) and in thermal hydro
lysis process (THP) sludge (140 mM DIC). These discrepancies could be 
attributed to shortcomings of the thermodynamic model and kinetic 
factors influencing phase transformations in real complex matrices. To 
improve the thermodynamic predictions, the model could be extended 
by incorporating more accurate solubility constants for impure mineral 
phases, for example. Moreover, the limitations of the model are partic
ularly pronounced under high ionic strength conditions, where solubi
lity and equilibrium behavior become increasingly complex. Ionic 
strength values calculated by MINTEQ ranged from 0.3 M (30 mM DIC 
digested manure) to 0.6 M (4-month-aged manure). As noted by Hafner 
and Bisogni (2009), modeling solubility and pH-dependent equilibria in 
matrices rich in ammonia and carbonate presents significant challenges 
[63]. Although the Specific Ion Interaction Theory (SIT) implemented in 
MINTEQ provides ionic activity corrections, it may still fall short in 
accurately capturing solubility dynamics in manure systems. Shorter 
retention times also play a role in real matrices, potentially favoring the 
precipitation of one phase over another kinetically. This has been 
observed in calcium phosphate formation in solid waste streams [64]. It 
is important to recognize the relevance of kinetic limitations in waste
water and manure treatment systems, since they operate on shorter, 
standardized timescales, unlike geochemical processes in soils. Ulti
mately, while MINTEQ simulations were instrumental in identifying 
siderite formation as a potential barrier to vivianite precipitation at 
elevated DIC levels, the model—originally developed for geological 
systems—lacks the resolution to predict phase speciation near threshold 

Table 5 
Distribution of Fe species according to Mössbauer analysis at 295 K of stripped 
digested manure with different DIC content, with isomer shift (IS), quadrupole 
splitting (QS), line width (LW), and related Fe spectral contribution percentage 
(% Fe). The last column shows the estimated percentage of P in vivianite based 
on vivianite quantification from Mössbauer analysis. Error IS, QS, LW ± 0.01 
mm/s; % Fe ± 3 %.

Fe species IS 
(mm/s)

QS 
(mm/s)

LW % 
Fe

% P in 
vivianite

220 mM 
DIC

Siderite 1.2 2.05 0.44 21
Fe(III)/ ls Fe 
(II) 0.35 0.82 0.53 79

135 mM 
DIC

Vivianite A 1.23 2.36 0.29a 11
Vivianite B 1.20 2.94 0.29a 15
Siderite 1.23 1.89 0.42 19 36
Fe(III)/ ls Fe 
(II) 0.37 0.84 0.52 57

75 mM 
DIC

Vivianite A 1.23 2.44 0.34a 17
Vivianite B 1.24 2.93 0.34a 25
Siderite 1.28 1.91 0.45 7 53
Fe(III)/ls Fe 
(II)

0.34 0.86 0.55 52

55 mM 
DIC

Vivianite A 1.18 2.5 0.30a 21
Vivianite B 1.22 2.96 0.30a 34 65
Fe(III)/ ls Fe 
(II) 0.41 0.72 0.5 44

30 mM 
DIC

Vivianite A 1.22 2.41 0.33a 23
Vivianite B 1.23 2.96 0.33a 36 67
Fe(III)/ ls Fe 
(II)

0.33 0.85 0.52 41

a Fixed same line width for vivianite A and B contributions.

Table 6 
Mössbauer spectral contributions of total iron(III)/ low spin iron (II) at different 
DIC concentrations (from Table 5), and their estimated fractionations in 
maximum FeS phase content (based on total sulfur in the manure sample), and 
unattributed Fe phases (other than FeS) content.

Sample Iron(III)/low spin iron(II) Max. FeS (%) Unattributed Fe (%)

220 mM DIC 79 34 45
135 mM DIC 57 33 24
75 mM DIC 52 37 14
55 mM DIC 44 40 5
30 mM DIC 40 41 –

Fig. 7. a. Relative amount of iron in vivianite corrected for the sulfur content at different DIC concentrations in stripped digested manure and THP samples. b 
Relative amount of iron in vivianite corrected for the sulfur content (assumed Fe/S molar ratio of 1), against the (1.5 P*1.5 + S)/DIC molar ratio, in the stripped 
digested manure, fresh manure, 4-month-aged manure, and THP samples. For all cases, both experimental data (full symbols) and simulated data from MINTEQ 
(outlined symbols) are represented.
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values in complex waste matrices, which could lead to underestimation 
of the role of siderite around these values. Further research is needed to 
develop these models and understand kinetic limitations in complex 
waste matrices and their treatment processes.

Overall, a normalized ratio of approximately 2.5 appears to serve as a 
practical threshold for maximizing vivianite formation in both raw and 
digested manure. The required molar iron concentration for vivianite 
formation can be estimated using Eq. (6): 

Fe = (1.5 total P+ total S) • 2.5 DIC (6) 

Above this threshold, vivianite formation increases only marginally, 
indicating a plateau effect. Below this ratio, vivianite yields decline 
sharply, particularly in digested manure, where competing iron car
bonate phases such as siderite may form and sequester iron, thereby 
reducing the efficiency of vivianite precipitation.

3.5. Outlook on vivianite formation in systems high in DIC

In pig farming in the Netherlands, livestock densities are high with 
limited land to manure production, leading to a surplus of nutrients and 
removing P and other nutrients in a targeted way would be beneficial for 
their redistribution [10]. The limitation of dissolved inorganic carbon 
(DIC) as a limiting factor for vivianite formation in pig manure in
troduces a new possibility for phosphate recovery through iron dosing 
strategies. One potential approach involves promoting vivianite crys
tallization directly within the fresh manure, a process demonstrated to 
be feasible in this study (97 % of the phosphorus bound as vivianite). 
Nevertheless, this method presents notable challenges. The high solids 
content in fresh manure complicates magnetic separation, but the 
implementation of such a phosphate recovery system would require 
substantial adjustments to current manure management practices to 
avoid storage, a condition not always operationally feasible.

An alternative strategy involves utilizing digested pig manure, with 
the known benefits from anaerobic digestion processes that not only 
stabilize organic matter but also generate biogas [34], thus enhancing 
overall resource circularity. Integrating vivianite recovery into manure 
digestion could enable the simultaneous extraction of multiple re
sources: energy via biogas, ammonia through stripping (potentially 
coupled with carbon capture), and phosphate. However, based on the 
characteristics of the digested manure used in this study, approximately 
90 % of the dissolved DIC would need to be removed to achieve a bi
carbonate concentration of 3 g/L—necessary for efficient vivianite for
mation. Some facilities already couple ammonia stripping of manure or 
food waste to CO2 stripping to keep the pH high enough, reducing the 
addition of base [71]. Such processes could be adapted to reach a lower 
DIC suitable for vivianite formation. However, practical application 
substituting nitrogen gas with other stripping gases such as air and 
methane, or vacuum stripping [65] should be tested, since using pure 
nitrogen gas is too expensive. Moreover, vivianite particles in digested 
manure were smaller than those found in digested sludge (Fig. A 8). 
Their magnetic separation from digested manure has yet to be demon
strated at a larger scale. Hence, further testing is necessary to perform an 
economic analysis of this process. Ultimately, the viability of this tech
nology will depend on market demand for refined vivianite-based 
products and the availability of sustainable electricity for energy- 
intensive pumping processes [66].

Overall, the limitation of vivianite formation at elevated DIC con
centrations provides new insights into the geochemical conditions fa
voring vivianite precipitation. DIC levels in most lake sediments or 
wastewater sludges are generally lower, thereby exerting a less signifi
cant influence. However, the high DIC in certain wastewater treatment 
contexts, such as THP digested sludge, poses a barrier to vivianite for
mation in line with the observations in digested manure in these plants. 
Interestingly, Wang et al. observed higher vivianite formation (based on 
XANES quantification) in hydrothermally digested samples compared to 

conventionally digested sludge [67]. In contrast, Wang et al. identified 
barriers to vivianite formation in hydrothermally treated digested 
sludge, attributing these to magnesium availability and pH [68], while 
Cui et al. (2024) pointed to iron-organic complexation as the limiting 
factor [69]. Notably, none of these studies investigated the potential role 
of DIC. Therefore, the role of siderite formation in iron dosed sludges 
high in DIC might have been overlooked so far. One reason could be that 
siderite is not detected due to oxidation prior to the measurements if the 
samples were not protected accordingly. Further research using tech
niques such as Mössbauer spectroscopy could help clarify the influence 
of DIC in vivianite formation in sludge matrices high in DIC.

4. Conclusion

This study demonstrated that elevated DIC concentrations are the 
main barrier to vivianite formation in both raw and digested manure 
experiments, as well as THP digested sludge. A stoichiometric iron dose 
of Fe = (1.5 P + S) • 2.5 DIC was identified as critical for optimal viv
ianite precipitation. Longer retention times may further enhance yields 
and merit future investigation. In the absence of ammonium and high 
ionic strength, vivianite formation from struvite at decreased DIC could 
not be reproduced in ultrapure water, with thermodynamic modeling 
indicating ammonium to be a relevant ion in vivianite formation from 
struvite besides DIC.

While challenging, vivianite recovery from pig manure offers po
tential for integrated biomethane, nitrogen, and phosphorus recovery as 
well as carbon capture. A possible approach involves stripping DIC and 
ammonia from digested manure, followed by iron dosing and magnetic 
separation of vivianite. However, practical implementation requires 
further testing with alternative stripping gases and at larger scales to 
evaluate feasibility.
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