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A B S T R A C T

Vivianite (Fe3(PO4)2⋅8 H2O) has emerged as a promising mineral for phosphorus (P) recovery from digested 
sludge, and it may also contribute to phosphate management in lake sediments and manure, given the similar 
anaerobic conditions across these environments. However, organic ligands in these matrices have been proposed 
to complex with iron (Fe), thereby reducing the efficiency of vivianite formation. This study aims to elucidate the 
impact of organic ligands on vivianite formation, particularly focusing on their binding strength with iron and 
the subsequent effects on vivianite formation in pig manure. Organic ligands not only form complexes with iron 
but also influence the crystal growth process. We investigated how different organic ligands affect the formation 
and dissolution of vivianite, assuming that ligands with higher iron-binding strength would enhance phosphate 
solubilization. Our findings revealed that citrate nearly completely inhibited vivianite formation (up to 100 %) 
and caused a 50 % dissolution of existing vivianite, while humate hindered vivianite formation by 40 % but only 
led to a 10 % dissolution. Interestingly, pig-derived dissolved organic matter had minimal effects on the pre-
cipitation of iron and phosphorus but significantly altered the morphology of the resulting products, which 
varied depending on the age of the manure filtrate. While the iron binding strength of organic ligands does 
influence vivianite formation, it does not solely account for the reduced vivianite formation observed in complex 
matrices like manure. Therefore, a more nuanced assessment of the role of organic matter in vivianite formation 
is warranted.

1. Introduction

Vivianite (Fe₃(PO₄)₂⋅8 H₂O) is a key mineral in phosphorus recovery 
from wastewater, binding up to 70–90 % of the phosphorus present in 
anaerobic digesters [1]. Phosphate recovery as vivianite is advantageous 
due to its formation within a moderate pH range of 6–8 [2], its low 
solubility [3], its applicability as an iron fertilizer [4], and its potential 
use as a precursor for LiFePO₄ batteries [5]. Additionally, its para-
magnetic properties enable a straightforward magnetic-based recovery 
process. Pilot-scale recovery of vivianite from digested municipal 
wastewater sludge has already been demonstrated [6]. While vivianite 
naturally occurs in lake sediments, its formation in these environments 
is less predictable than in digested sludge [7]. Manure may offer an 
alternative matrix for vivianite-mediated phosphate recovery, facili-
tating land application of the manure after phosphate removal in areas 

of high livestock production. The anaerobic conditions in manure should 
be conducive to vivianite formation, though prior research indicates that 
competing components in manure can interfere with iron availability 
[8].

Iron-organic interactions are central to various environmental pro-
cesses. For instance, organic matter affects the weathering and refor-
mation of iron oxides in soils, enhancing iron availability [9]. It also 
mobilizes iron (II) during river bank filtration [10], while small organic 
acids, such as citric and oxalic acids, dissolve iron oxides and release 
adsorbed phosphorus [11]. Lalonde et al. [12] reported that up to 20 % 
of organic carbon in sediments is associated with iron phases. Building 
on this, Kleeberg et al. [13] estimated that approximately 25 % of 
organic carbon in lake sediments binds to iron, thereby limiting the 
formation of vivianite.

Organic ligands have been hypothesized to impact vivianite 
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formation [14,15]. Alginate and humate have been shown to limit viv-
ianite formation at a concentration of around 1 g/L [16–19]. At high 
levels (10 g/L) acetate can also inhibit vivianite formation, though ef-
fects are minimal at concentrations below 5 g/L [18]. Vivianite disso-
lution by organic ligands has also been previously studied. For example, 
Yang et al. [20] and Gypser and Freese [21] observed that citrate 
partially dissolves vivianite at pH 6, while the effect of humate on viv-
ianite dissolution was minimal under similar conditions [21]. Despite 
these findings, a systematic framework to correlate organic ligand 
concentrations with vivianite formation efficiency is lacking, and the 
influence of iron-binding strength has yet to be directly investigated.

During vivianite formation, organic ligands with high iron-binding 
strength should make iron unavailable for vivianite formation. Howev-
er, inhibition could also arise if organic ligands bind to vivianite crystal 
nuclei, impeding further crystal growth [16,22]. Nevertheless, 
iron-organic binding strength should be the primary factor driving 
vivianite dissolution forward until the thermodynamic equilibrium is 
reached. Hence, the extent of vivianite dissolution by an organic ligand 
should give insight into the degree of the iron-binding strength.

Previous studies have largely focused on the effects of organic li-
gands on either vivianite formation [16–19,22,23] or vivianite disso-
lution [20,21,24]. By addressing both formation and dissolution, which 
was not realized in previous research, we aim to elucidate how 
iron-complexing organic ligands influence vivianite formation and 
evaluate the role they could play in manure. Given the complexity of 
manure, we opted for a comparative approach, examining dissolved 
organic matter in manure alongside those in controlled systems relevant 
to vivianite formation. Our approach offers a novel perspective on the 
complex interactions between organic ligands and vivianite formation, 
with potentially surprising insights for phosphate recovery in manure 
systems.

2. Materials and methods

2.1. Organic ligands

This study examines the effects of several organic compounds on 
vivianite formation and dissolution, selecting organics that are chemi-
cally relevant to vivianite: 

• Bipyridine has been proposed as a potential extractant for quanti-
fying vivianite due to its specific affinity for iron (II) bound within 
vivianite [25,26].

• Citrate, a small molecule exuded by plant roots, is frequently used to 
evaluate the bioavailability of phosphorus fertilizers [27].

• Volatile fatty acids are key transformation products arising during 
the anaerobic digestion of organic materials such as sludge and 
manure [28,29]. Acetate serves as a representative compound of this 
group.

• Humate, a stable degradation product of organic matter, forms in 
complex matrices like sewage sludge, manure, and sediments. Its 
structure includes functional groups that can effectively complex 
metal ions, including Fe [30].

• Alginate represents polysaccharides, the most abundant natural 
biopolymers, and is relevant in the context of food science and waste 
management [31].

• Pig dissolved organic matter (DOM), derived from pig manure 
filtrate, was included to represent a real environmental matrix and 
provide a comparison against the more defined organic compounds. 
Given the biological activity in manure, which drives continuous 
organic matter degradation, pig DOM solutions aged for three and six 
months were tested.

Proteins were excluded based on prior findings from Li et al. [19], 
who observed negligible effects on vivianite formation using Bovine 
Serum Albumin. Similarly, amino acids like alanine and aspartic acid 

have minimal impact on phosphate precipitation with iron (III) [32], 
and their iron (II) complex formation constants are even lower [33].

Preparation of pig DOM and humate solutions involved centrifuga-
tion (Beckman Coulter, Avanti J-15R) of raw pig manure at 25,000 rpm 
for 10 minutes to address the poor settling properties of pig manure. The 
humate solution was processed similarly to allow for better compara-
bility with the manure filtrate. Supernatants from these preparations 
were then filtered through 0.45 µm filters and dissolved organic carbon 
(DOC) served as the baseline for comparing the different organics. 
Setting the DOC concentration to a uniform level ensured consistent 
comparability among organic ligands, based on literature from sediment 
studies that estimate iron binding relative to organic carbon [13]. For 
each ligand, a stock solution with a DOC concentration of 730 mg/L was 
prepared (see Table A4), followed by dilution to a target concentration 
of 330 mg/L. This concentration was selected because it is equivalent to 
a 1 g/L humate solution, a level used in the dissolution study by Gypser 
and Freese [21] and to balance solubility constraints, particularly for 
less soluble compounds like bipyridine and humate.

2.2. Dissolution and formation experiments

All experiments were carried out in triplicate in serum bottles in a 
glove box under a nitrogen atmosphere (O2 < 100 ppm).

For the dissolution experiments, 50 mg of synthetic vivianite was 
mixed with 100 mL of organic solution. Vivianite for the dissolution 
experiment was synthesized at room temperature from solutions of 
600 mM K2HPO4 (VWR Chemicals BDH) and 900 mM FeCl2⋅4 H2O 
(Sigma Aldrich). Solutions (50 mL) were mixed under anaerobic con-
ditions in a glove box, and the precipitated solid was then washed three 
times with ultrapure water and dried in the glove box in the dark.

For the formation experiments, a phosphate solution was prepared 
by adding 5 mL of 40 mM K2HPO4 stock solution to 45 mL of the organic 
solution, and an iron solution was prepared by adding 5 mL of a 60 mM 
FeCl2⋅4 H2O stock solution to 45 mL ultrapure water. The iron and 
phosphate solutions were mixed together, aiming at a Fe/P ratio of 1.5 
according to vivianite stoichiometry. The pH was measured by poten-
tiometry and adjusted to pH 8 with 1 M NaOH or 1 M HCl for each 
sample. Negative controls were prepared for humate and pig DOM ex-
periments containing only humate and pig DOM solutions. Formation 
and dissolution experiments were replicated without organics in ultra-
pure water.

The samples were agitated at 120 rpm at room temperature on a 
rotary platform shaker (Heidolph, Unimax 2010). Samples (1.5 mL for 
dissolution, and 1 mL for formation) were taken after 1 h, 4 h, 24 h, 48 h, 
and 168 h with subsequent filtering through 0.45 µm filters. At the end 
of the experiment, the pH was measured again. All samples were 
centrifuged (Beckman Coulter, Avanti J-15R) at 4750 rpm for 10 min to 
efficiently settle most of the solids that are formed when synthesizing 
vivianite in an aqueous matrix, washed twice with 50 mL of ultrapure 
water, and centrifuged at the same settings. The remaining solid parti-
cles were dried in the air at room temperature, and the yield was 
determined.

2.3. Analysis

Iron and phosphorus concentrations from vivianite formation and 
dissolution experiments were monitored with ICP-OES measurements 
(Perkin Elmer, Optima 5300 DV). The filtered samples were diluted and 
topped with 300 μl HNO3 (69 %). The ICP-OES was equipped with an 
Autosampler, Perkin Elmer, type ESI-SC-4 DX fast, and the data were 
processed with the software Perkin Elmer WinLab32. The rinse and 
standard internal solutions were 2 %HNO3 and 10 mg/L of Yttrium. The 
DOC (Shimadzu DOC-L) was measured for every ligand solution to 
normalize the results with the exact DOC in the samples.

Synthetic vivianite and solids were characterized by determining the 
Fe/P ratio by digestion in 69 % nitric acid with subsequent ICP-OES 
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analysis. Attenuated Total Reflectance Infrared ATR IR spectroscopy 
(Bruker Alpha II) was measured by tightly pressing 1–2 mg of solid on 
the crystal. The received spectra were converted to transmission, base-
line corrected using the rubberband method (64 points) and normalized 
to the highest intensity. X-Ray Diffractometry (XRD) (Bruker D8 
Advance diffractometer) was performed by depositing the powder on a 
Si510 wafer, measuring with Cu Ka radiation (Coupled θ − 2θ scan 5◦ - 
80◦, step size 0.020 ◦ 2θ, counting time per step 2 s), and using Burker 
software DiffracSuite.EVA vs. 6 for data evaluation. SEM (Scanning 
Electron Microscopy) (JEOL JSM-6480LV) was prepared by coating the 
solids with a 10 nm layer of gold at 15 Pa and 25 mA to make the surface 
electrically conductive. SEM was executed at 6 kV accelerating voltage, 
10 mm working distance, and using JEOL SEM Control User Interface.

3. Results

3.1. Solution chemistry

3.1.1. Phosphate dissolved from vivianite in the presence of organic ligands
In the initial phase of this study, the evolution of phosphate con-

centrations in solution was monitored to assess vivianite dissolution in 
the presence of each organic ligand (Fig. 1). The ligands could be 
grouped into three categories based on their effects: 

• Bipyridine and citrate exhibited the most pronounced vivianite 
dissolution capacity. After one week, bipyridine and citrate dissolved 
39 % and 31 % of the vivianite, respectively, based on solubilized 
phosphorus. Notably, equilibrium for citrate had not been achieved 
even after one week, indicating continued dissolution potential 
(Figure A2).

• Humate and three-month-old pig DOM induced moderate vivianite 
dissolution, with phosphorus release reaching up to 6 % by the end of 
the experiment. Though both humate and 3-month-old pig DOM 
contributed to vivianite dissolution, their effects were minor 
compared to those of bipyridine and citrate.

• Acetate, alginate, 6-month-old pig DOM, and ultrapure water 
showed minimal impact on vivianite dissolution, with solubilized 
phosphorus concentrations remaining below 3 % after 16 h. These 
ligands displayed negligible dissolution capabilities relative to the 
significant effects observed with bipyridine and citrate.

3.1.2. Phosphate left in the solution during vivianite formation in the 
presence of organic ligands

To assess the relationship between vivianite dissolution capacity and 
inhibition of vivianite formation by organic ligands, the phosphorus 
concentration in solution during vivianite formation was analyzed for 
each substance (Fig. 2).

In the control with ultrapure water, where no organic ligands were 

Fig. 1. Phosphate dissolution from vivianite after addition of organic ligands (DOC 330 mg/L). Start concentration of vivianite was 60 mgP/L.
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present, nearly all phosphorus precipitated within the first hour, leaving 
about 4 % in solution. In contrast, solutions containing organic ligands 
took longer to reach equilibrium, typically stabilizing after approxi-
mately 4 h. However, in both pig DOM solutions, phosphorus concen-
tration continued to decrease significantly even beyond 48 h. For 
humate, a slight decrease in phosphorus concentration was observed 
after 4 h, with a gradual decline continuing up to 168 h.

Among the organic ligands, citrate displayed the strongest inhibitory 
effect on vivianite formation, retaining 96 % of phosphorus in solution. 
Humate and bipyridine also substantially inhibited phosphorus precip-
itation, with 39 % and 35 % remaining in solution, respectively. In 
comparison, alginate, acetate, and the two pig DOM solutions demon-
strated a milder inhibitory effect on phosphorus precipitation, with 
10–20 % of phosphorus retained in the solution.

3.2. Solid phase analysis

Precipitates were collected by centrifugation (Figure A 3) and sub-
sequently analyzed using XRD, IR spectroscopy, and SEM patterns 
(Fig. 3). XRD indicated the presence of vivianite in all recovered solids 
except for the precipitate from the 6-month-old pig DOM solution. This 
precipitate exhibited a high degree of amorphousness, as indicated by a 
broad hump centered around 20◦ 2θ, which prevented clear 

identification by XRD.
The IR spectra of all recovered precipitates, except for the 6-month 

pig DOM sample, displayed features consistent with the vivianite 
reference spectrum. Characteristic vivianite bands (Fig. 4, Table A3) 
include the hydroxyl stretching around 3200 cm⁻¹ , HOH bending 
around 1600 cm⁻¹ , P-O stretching bands near 1000 cm⁻¹ , water lib-
erational vibrations around 800 cm⁻¹ , and out-of-plane bends near 
500 cm⁻¹ [36]. Additional bands around 1440 cm⁻¹ (highlighted in red 
in Fig. 4) were noted in the spectra for humate and pig DOM precipitates. 
These bands correspond to organic carbon-related bonds, such as C-H 
scissoring, C––C breathing, and phenolic C-O stretching [37].

The SEM images of precipitates formed from different ligand solu-
tions are presented in Fig. 5 at 5000× magnification to show the crystal 
structure and 2000× magnification in Figure A6 to show precipitated 
flocks. In ultrapure water, vivianite predominantly forms small plate- 
like structures that assemble into flower-like clusters approximately 
5 µm in diameter. When precipitated in bipyridine solution, two phases 
appear: one of small, rounded, porous aggregates, and another 
comprising elongated plates about 10 µm in length. Vivianite formed in 
an acetate solution shows a structure of larger, pointed, fan-shaped 
plates (over 10 µm) stacked in layers, with a secondary phase of small, 
rounded, porous formations interspersed.

In contrast, vivianite precipitated in humate, alginate, and 3-month- 

Fig. 2. Influence of organic matter on vivianite formation, phosphate remaining in solution after start of crystallization experiment. Organic compounds were dosed 
at a DOC of 330 mg/L. Start concentration for phosphate was 60 mgP/L.
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old pig DOM is composed of more isolated plates with rounded edges. 
For vivianite in alginate, small flower-like structures (1–2 µm) are 
observed, while the precipitate from humate shows accumulated, 
thicker plates less than 1 µm long. Plates formed in 3-month-old pig 
DOM are thin, roughly 10 µm in length, and occasionally assemble into 
flower-like formations. Meanwhile, vivianite precipitated in 6-month- 
old pig DOM yields a mix of thin, 2 μm long, vivianite-like plates 
(marked in red) and bigger flat plates (marked in green). Notably, only 
minimal precipitate was recovered from 6-month pig DOM samples 
following centrifugation, as shown in Figure A 3.

4. Discussion

4.1. Comparison of vivianite dissolution and formation potential of 
organics based on DOC

4.1.1. Comparison of the ligand strengths
To evaluate the effectiveness of organic ligands in dissolving viv-

ianite and inhibiting its formation, the molar phosphate concentration in 
solution was normalized against the molar DOC concentration (Table A 
1). The amount of phosphate remaining in or released to the solution 
was used as an indicator for the extent of vivianite formation or disso-
lution. Phosphate was chosen as a proxy for vivianite processes because, 
in typical scenarios, all phosphate is associated with vivianite when not 
in solution, whereas iron can precipitate as something other than viv-
ianite. This is supported by the higher phosphorus-to-iron ratios 
observed in solution (Figure A 1) and the elevated Fe/P ratios in the 
recovered solids (Table A 3).

Fig. 6 presents the normalized data, with vivianite dissolution shown 
on the left side of the x-axis and vivianite formation on the right. The 
organic ligands are arranged from strongest to weakest dissolution po-
tential in descending order (indicated by a thin red line). This order is 
mirrored on the formation side of the graph, marked by a thick red line. 

If data points on the formation side fall to the right of the thick red line, 
this suggests that the ligand has a greater inhibitory effect on vivianite 
formation than its dissolution potential alone would predict.

4.1.2. The role of iron-binding strength
Vivianite dissolution in the presence of organic ligands is likely 

driven by the complexation of free iron in solution [11,21,24]. Given the 
low solubility of vivianite (Ksp = 10− 35.76 [3] (Eq. 1)), the activity of 
dissolved iron and phosphate ions remains minimal at neutral pH: 

Ksp = [Fe2+]eq
3
• [PO4

3− ]eq
2 (1) 

With [Fe2+]eq and [PO4
3− ]eq the activity of iron and phosphate at 

equilibrium.
The addition of ligands induces vivianite dissolution by binding free 

iron in solution, thereby shifting the equilibrium toward further disso-
lution. The efficiency of a ligand in dissolving vivianite is generally 
related to its iron-binding strength, expressed by the complex formation 
constant 

Kf =
[Fe2+

xOLy]

[Fe2+]
x
• [OL]y

(2) 

With [Fe2+] the iron concentration, [OL] the concentration of the 
organic ligand and [Fe2+

xOLy] the concentration of the iron-organic 
complex.

The ligand binding strength depends on the density and type of 
functional groups present [22]. Bipyridine, for instance, has a high af-
finity for iron (II) attributed to interactions between iron and the free 
electron pairs of the nitrogen [38]. Despite the high complex formation 
constant of bipyridine (logKf = 17.5 [39]), only 31 % of iron could 
theoretically be complexed due to stoichiometric limitations, as each 
iron ion requires three bipyridine molecules for binding. However, 
bipyridine dissolved 38.5 % of vivianite, possibly due to partially 

Fig. 3. XRD patterns of vivianite formed in the solutions with different organic ligands, including a reference synthetic vivianite [34] (bottom). The blue box in-
dicates the main reflex for vivianite.
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binding with fewer than three molecules.
Other ligands primarily bind iron through deprotonated carboxylic 

(COO-) and hydroxy (O-) groups. Citrate, with three carboxylic and one 
hydroxy group, has a strong affinity for iron, with a logKf = 5.89 for the 
[Fe-citrate]⁻ complex [40]. Although citrate could theoretically complex 
all available iron, it dissolved only 31 % of vivianite within the first 
week, suggesting equilibrium had not been reached (Figure A 2). 
Extended data indicates ongoing phosphorus release, aligning with 
findings by Gypser and Freese [21], who reported 80 % phosphate 
release from vivianite over 8 weeks.

The iron-binding strength of acetate is low, with logKf = 1.4 for the 
[Fe-acetate]⁺ complex [40], which explains its low potential to dissolve 
vivianite. Interestingly, some humate-metal interactions have been 
described to resemble acetate-type binding [41]. Nonetheless, humate 
dissolved more vivianite than acetate. However, humate is not only able 
to interact with iron through carboxylic groups but also via phenolate 
(ph-O⁻) and possibly sulfur or nitrogen-containing groups [30]. Yama-
moto et al. [42] reported a logKf = 5.8 for iron-humate complexes at pH 
5, which appears high since the iron citrate complex has a formation 
constant at a similar value, but citrate is dissolving significantly more 
vivianite. Gypser and Freese [21] similarly observed an 8 % vivianite 
dissolution with humate at pH 6 and DOC of 546 mg/L, comparable to 
the 6 % dissolution observed here. However, quantifying humate bind-
ing remains challenging due to its non-stoichiometric nature and 
dependence on origin.

In manure, iron is likely complexed by a mixture of polysaccharides, 
humate-like substances, and volatile fatty acids, with humate being the 

most potent among them. The capacity of 3-month-old pig DOM to 
dissolve vivianite likely reflects a humate-like composition of functional 
groups, while 6-month DOM, resembling alginate and acetate, showed 
minimal dissolution (Fig. 1). The increased humate-like behavior in 
fresher manure is unexpected, as aging generally favors humate pre-
cursors and depletes biodegradable polysaccharides [43]. Further 
analysis of organic transformations during manure aging could clarify 
these shifts in functionality.

In summary, small ligands like citrate and bipyridine show high iron 
binding strength and effectively dissolve vivianite. While natural 
organic matter, such as humate, also binds iron, its binding strength is 
insufficient for significant vivianite dissolution via complexation. 
Similarly, manure-derived DOM exhibited limited complexing ability. 
These dissolution experiments suggest that organic ligands can induce 
vivianite dissolution and influence its formation; however, binding 
strength alone does not fully explain their impact on vivianite formation, 
as further discussed in the following section.

4.1.3. Vivianite formation vs dissolution
For the organic ligands tested, aside from bipyridine, inhibition of 

vivianite formation appears more pronounced than their impact on 
vivianite dissolution. Previous studies have examined the role of ligands 
such as acetate, humate, and alginate in vivianite formation. When 
comparing findings, however, it is essential to consider not only the 
concentration of these organic ligands but also variables including initial 
phosphate concentration, Fe/P ratio, and pH (Table 1).

The impact of acetate on vivianite has been shown to be minor [18], 

Fig. 4. IR spectra of precipitates formed in ligand solutions after washing with ultrapure water with reference vivianite from the Rruff database [35]. Bands marked 
in red could stem from organic residue (Table A 3).
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which aligns with its relatively weak iron-binding strength. In this study, 
however, the influence of acetate on vivianite formation was more 
pronounced, likely due to pH-induced iron oxidation effects. Under 
slightly alkaline conditions, iron(II) hydroxide precipitation is favored, 
and this phase readily oxidizes to iron(III) oxide [18,44]. Chen et al. also 
noted that acetate itself can enhance iron oxidation [18]. Iron oxide 
precipitates can still act as phosphate sinks through adsorption, which 
could have led to additional phosphate removal at pH 8 in this study in 
comparison to the results by Chen et al. at pH 6.

Similarly, humate displays a more substantial effect on vivianite 

formation than its iron-binding strength alone would suggest. In general, 
the inhibition of vivianite formation by humate intensifies with higher 
humate concentrations and lower phosphate levels (Table 1). In this 
study, 1 g/L humate and 2 mM phosphate concentrations were 
approximately half those used by Cui et al. [17] with 2.5 g/L humate 
and 4 mM phosphate. Yet, there seems to be a trend of around 40 % 
inhibition in vivianite formation at 1 mmol phosphate per 0.5 g humate.

Alginate impeded vivianite formation by 10 % in this study which 
was slightly greater than would be expected based on its iron-binding 
strength. Zhang et al. [16] reported comparably low inhibition levels 

Fig. 5. SEM images of precipitates formed in different organic solutions at 5000x magnification with (a) MQ water, (b) bipyridine, (c) acetate, (d) humate, (e) 
alginate, (f) pig DOM 3 months, (g) pig DOM 6 months.
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with 12 % inhibition at 0.8 g/L alginate, whereas Cui et al. [17]
observed stronger inhibitory effects (30 %) at 0.88 g/L. Cui et al. per-
formed their experiments at a pH of 6.5, which might have increased the 
effect of alginate in their case. Nevertheless, the role of alginate in 
vivianite inhibition appears to be less critical than the one of humate 
[17].

Pig DOM also shows stronger vivianite formation inhibition than 
would be expected based on iron-binding strength. Vivianite formation 
in three-month-old pig DOM shows a response similar to humate, 
whereas formation in six-month-old pig DOM more closely resembles 
that with alginate. This indicates that the composition and aging of pig 
DOM may dynamically influence vivianite crystallization, potentially 
reflecting shifts in its organic profile with age.

In the next step, factors beyond iron-binding strength that impact 
vivianite formation are evaluated: 

• Iron-organic complexation occurs more rapidly than vivianite for-
mation 

Since vivianite formation is notably more efficient than vivianite 
formation, the process is unlikely to be thermodynamically driven. If 
iron-organic complexes form more quickly than vivianite during its 
formation phase, this could lead to a supersaturation level insuffi-
cient for vivianite nucleation, thereby limiting its precipitation. Wei 
et al. observed that humate can reduce supersaturation through 
Mg2+ complexation in struvite crystallization [45]. Iron-organic 

complexation may offer a kinetic advantage over vivianite forma-
tion, as only one type of binding—between the functional group and 
iron—is necessary. In contrast, vivianite formation requires a more 
organized structure, with specific binding environments at two iron 
sites. Statistically, this organized arrangement is less probable than 
iron binding to the functional group of an organic ligand. Thus, this 
kinetic advantage alone could account for the discrepancy between 
the efficiencies of vivianite dissolution and formation.

• Organic ligands binding to vivianite crystal nuclei 
Li et al. [22] proposed that iron-humate binding might extend the 

Fe-O-P bond length within vivianite clusters. Coordination of an 
organic ligand to these clusters may destabilize them, thereby 
lowering the nucleation rate and size of vivianite crystals. Compared 
to precipitation in ultrapure water, vivianite formation in the pres-
ence of organic ligands was observed to be slower, supporting the 
hypothesis that organic-ligand interactions with crystal nuclei can 
impede nucleation. This reduction in nucleation rate due to organic 
binding to crystal nuclei could play a role in inhibiting vivianite 
formation.

• Organics blocking crystal growth sites 
Wei et al. [46] noted that humate blocked growth sites on struvite 

crystals, and Zhang et al. [16] suggested a similar role for alginate in 
vivianite inhibition. Since pig DOM contains polysaccharides, hu-
mate precursors, and various organic macromolecules, it is plausible 
that similar site-blocking effects could contribute to vivianite inhi-
bition in this matrix. Such organic macromolecules may obstruct 
crystal growth sites, further hindering vivianite formation.

4.1.4. Evaluation of DOC as a base of comparison
In this study, the iron binding affinities of various organic com-

pounds were investigated by examining the influence of dissolved 
organic carbon concentration on vivianite formation and dissolution. 
Using DOC as a normalization approach offers a practical advantage: 
since any organic substance in natural environments contains carbon, 
DOC analysis provides a feasible method for estimating iron binding 
across diverse systems. This approach aligns with the hypothesis pro-
posed by Kleeberg et al. [13], which suggests that around 25 % of 
organic carbon in natural environments is bound to iron. However, our 
findings demonstrate variability in iron binding across different organic 
types. For instance, alginate limited vivianite formation by binding 
approximately 10 % of iron, while pig DOM bound 10–20 %, and hu-
mate displayed a higher binding potential, sequestering 40 % of iron. 
These findings suggest that while Kleeberg’s 25 % assumption provides 
a rough approximation, individual organic compounds like humate may 
exhibit considerably higher iron binding capacities. This implies that 
sediment iron binding potential could be better predicted by assessing 
humate content specifically, rather than assuming a uniform 25 % 
binding capacity.

One limitation of normalization by DOC is its inability to account for 
the specific functional groups that influence iron binding strength, as 
binding affinities depend on more than just carbon content. While 
alternative quantification techniques could target these specific in-
teractions, many were not feasible for this study. For example, pH 
titration can identify charged functional groups [45] but would overlook 
non-charged groups like nitrogen in bipyridine. Another approach, 
following the iron titration method of Gould and Genetelli [47], could 
capture all iron-binding components within each organic compound 
mixture, allowing a comprehensive comparison across organic solutions. 
Adjusting this method for systems containing iron, phosphate, and or-
ganics could, therefore, offer a more nuanced understanding of organic 
interactions with vivianite.

Ideally, the iron binding should be assessed in terms of stoichiom-
etry; however, quantifying binding capacity in molar terms is chal-
lenging for some organics. While straightforward for small, defined 
compounds like bipyridine and citrate, it is less feasible for polymeric or 
complex mixtures like alginate, humate, and pig DOM. The latter 

Fig. 6. Comparison of the vivianite dissolution and vivianite formation inhi-
bition capacity for 7 organic ligands. P in solution per DOC (N/N) of each 
organic solution after 168 h (Table A 1). Left part of the axis: Organics orga-
nized by their Vivianite dissolution strength. Right part of the axis: Respective 
Vivianite formation prevention strength with trendline pointing out Vivianite 
dissolution strength.

Table 1 
Vivianite formation inhibition of acetate, humate and alginate in this study and 
literature with starting phosphate concentration, organic ligand (OL) concen-
tration, Fe/P ratio and pH.

inhibition % P (mM) OL (g/L) Fe/P pH study

acetate 5 4 4.72 1.5 6 [18]
10 9.44
25 2 0.82 1.5 8 this study

humate 4 10 0.1 1.5 7 [19]
30 4 2.5 1.5 6 [18]
70 3.5
30 5 1.8 1.5 6.5 [17]
60 2.5 2
40 2 1 1.5 8 this study

alginate 12 10 0.8 1.5 7 [19]
30 5 0.88 1.5 6.5 [17]
25 1.77 2
12 10 0.8 1.8 8 [16]
10 2 1.13 1.5 8 this study
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contains macromolecules with variable structures, alongside bio-
polymers and smaller ligands, complicating efforts to standardize 
binding comparisons across organic types.

4.2. Precipitates vary in the presence of different organic ligands

The precipitates formed exhibit different characteristics, such as 
morphology and settleability after centrifugation (Fig. 5, Figure A 3).

The crystal size of vivianite synthesized in acetate and bipyridine 
solutions appears to be larger than that of the vivianite formed in MQ 
water or in the presence of other organic ligands. This observation may 
be attributed to a reduction in supersaturation index (SI) caused by 
decreased soluble iron levels. Moreover, the secondary phase could be 
due to iron(III) oxide formation [18] as explained in Section 4.1.2.

The morphology of vivianite precipitates varies when humate is 
present. For instance, Li et al. [19] documented flower-like structures 
with thin plates like those observed in MQ water, while Cui et al. [17]
identified irregular shapes, and Chen et al. [18] observed compact, thick 
plates similar to those in this study. Considering humate iron binding 
seemed to depend on the type of humate, morphology may also be 
linked to humate type. Further, the concentration ratio of humate to 
phosphate appears critical, as demonstrated by Cui et al. [17].

At alginate concentrations above 400 mg/L with an initial phosphate 
concentration of 10 mM, Zhang et al. [16] observed morphological 
shifts in vivianite. In the present study, however, alginate concentrations 
were approximately 1 g/L, with phosphate concentrations of 2 mM. 
Under these conditions, vivianite morphology largely resembled that in 
MQ water, albeit with smaller crystals. Organic adsorption on crystal 
surfaces could have contributed to smaller particle size and worse 
settling properties [16] (Figure A 3).

The elongated plate morphology of vivianite precipitated in three- 
month-aged pig DOM is similar to that observed in vivianite formed 
with manganese and magnesium under high salinity conditions [48]. 
While ICP analysis did not detect elevated magnesium in the pre-
cipitates, high salinity levels in pig DOM were evident. Organic 
adsorption onto the crystals may further influence morphological 
characteristics.

In contrast, vivianite formed in six-month-old pig DOM was less 
crystalline, as evidenced by the lack of clear XRD peaks, though a reflex 
within the characteristic vivianite region (14◦ 2θ) was present. SEM 
imaging revealed mixed phases, with some elongated plates resembling 
those in three-month pig DOM (circled in red), suggesting limited viv-
ianite formation. The other precipitates observed could stem from 
organic matter as indicated by IR measurements and iron oxide forma-
tion. Elevated pH and volatile fatty acids, similar to the acetate solution 
conditions, could have contributed to iron oxide precipitation. One 
reason for decreased vivianite formation in 6-month-old pig DOM could 
be the prolonged induction time for vivianite crystallization, as pro-
posed by Schott et al. [49] to explain the poor crystallinity of calcium 
phosphate in pig manure. During pig manure aging, compounds that 
extend the induction phase of vivianite crystallization could be formed.

The following factors influence the characteristics of vivianite 
crystals: 

• Saturation Index: For optimal crystal growth, the SI of the solution 
must fall within the narrow meta-stable zone of vivianite [50]. If the 
SI is excessively high, precipitation occurs quickly, producing 
smaller, less crystalline solids. Conversely, if SI is too low, precipi-
tation is unlikely. Iron-complexing ligands can reduce SI, helping to 
reach the meta-stable zone and thereby promoting larger, 
well-formed crystals.

• Organic Adsorption on Vivianite: Organic compounds can attach 
to the growth sites of vivianite, affecting crystal shape and size, as 
discussed in Section 4.1.2. During crystal growth, flat plates are 
stacked, forming step-like structures. Organic adsorption at these 
steps alters the energy required for further growth, potentially 

favoring rounded rather than plate-like shapes [51]. Adsorption can 
also block growth sites, leading to smaller crystals [22]. Addition-
ally, adsorbed organics alter the surface charge of crystals; if the 
surface charge increases, repulsive forces between particles also in-
crease, resulting in poorer settleability [46].

• Interfering Ions: Pig DOM and humate solutions contain various 
ions, such as Mg, K, and Ca, which may interfere with vivianite 
crystallization. These ions can block growth sites on crystals or be 
incorporated in the structure itself [48].

4.3. Outlook

We investigated the influence of iron binding strength on vivianite 
formation due to challenges in promoting efficient vivianite crystalli-
zation in manure. Previous studies have attributed limited vivianite 
formation to organic interference across various environments, 
including lake sediments [13], digested sludge [19], hydrothermal 
sludge [23], and urine [14]. This prompted us to explore a similar hy-
pothesis for manure. However, our results suggest that dissolved organic 
matter in manure does not complex iron as extensively as anticipated. 
This led us to conclude that organics are sometimes overly attributed 
with influencing vivianite formation, and that studying organic effects 
within a complex matrix like manure is significantly more challenging 
than in controlled, clean conditions.

Through this work, we also gained insights into the behavior of 
specific organic ligands. Citrate, for example, often serves as an indi-
cator of bioavailability [27]. In our study, a sustained release of phos-
phorus from vivianite was observed in presence of citrate, which aligns 
with previous research by Yang et al. [20] suggesting the potential of 
vivianite as a slow-release fertilizer. This finding may particularly renew 
interest in vivianite as a source of iron fertilizer in agricultural 
applications.

In lake sediments, where more recalcitrant organic compounds like 
humates are prevalent, iron binding is likely dominated by humates. 
Sediments also typically contain lower phosphate levels compared to 
digested sludge. Higher humate levels and lower phosphate levels could 
reduce vivianite formation since iron would be more likely to be bound 
by humate. Testing this hypothesis through a focused study on the 
composition and iron complexation behavior of lake sediment organic 
matter could provide valuable insights.

Our experiments indicate that the concentration of iron-complexing 
ligands in pig DOM is not high enough to significantly reduce iron and 
phosphorus precipitation from the solution. However, the morphology 
of precipitates formed in pig manure filtrate is substantially altered, 
suggesting that the influence of manure components on crystal forma-
tion may be both organic and inorganic. Further research into the spe-
cific organic and inorganic components in manure and their roles in 
crystallization processes would help clarify these interactions and 
optimize vivianite formation in complex matrices.

To mitigate the influence of organic ligands on vivianite formation, 
potential strategies should be explored. The carboxyl groups in com-
pounds such as citrate and humate play a significant role in the binding 
of iron, increasing the affinity of these ligands for the metal. In matrices 
with high concentrations of such ligands, an effective approach could 
involve their separation prior to iron dosing using functionality-based 
resin adsorption. Alternatively, monitoring temporal changes in the 
iron-affinity of a given matrix – such as manure in this study - could help 
to identify optimal conditions for vivianite precipitation. This, in turn, 
would enhance the efficiency of the process.

5. Conclusion

This study investigated the influence of the iron-binding strength of 
organic ligands in manure compared to other organic ligands known to 
affect vivianite chemistry. By normalizing the impact of different or-
ganics on their DOC concentrations, ligands of varying complexity were 
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compared to their ability to dissolve or inhibit vivianite formation. 
Citrate strongly inhibited vivianite formation due to its high iron- 
binding affinity, while humate demonstrated the potential to kineti-
cally outcompete vivianite formation. In contrast, pig DOM primarily 
affected the morphology and recoverability of precipitates but not due to 
the binding strength of the organics. These findings suggest that 
although iron-organic complexation can hinder vivianite formation, it is 
not always the primary mechanism behind reduced vivianite crystalli-
zation in complex matrices.
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