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ARTICLE INFO ABSTRACT

Excess phosphorus abundance often drives eutrophication and affects surface water quality. Formation of viv-
ianite (Fe3(PO4)2 @ 8H20) in aquatic sediments acts as a significant sink for phosphate (P), crucial for resorting
surface waters. Authigenic vivianite formation, however, can be limited by other ferrous iron containing phases,
in particular iron sulfides. Although thermodynamically feasible under suitable conditions, the formation of
vivianite from mackinawite has been widely disregarded for authigenic phosphate mineral formation. Here we
investigated the formation of vivianite from mackinawite (FeS) in batch experiments in which dissolved sulfide
was continuously removed, at P levels between 0 — 5 mM in a pH of 6 to 8. Solid characterizations by electron
microscopy, X-ray diffraction as well as Mossbauer and X-ray absorption spectroscopy demonstrates that viv-
ianite was formed at all pH values in P amended experiments. The temporal evolution of dissolved Fe(II) con-
centrations indicates that the transformation proceeds via the release of the dissolved Fe(II) by FeS dissolution
and subsequent vivianite precipitation, over time scales of days. The kinetics of the transformation are controlled
by the dissolution rates of FeS. Aging and transformation of FeS, however, compete with vivianite formation.
Aging is more pronounced at higher pH but is inhibited by P adsorption. Hence, the effect of pH and P con-
centration on aging is the main reason for the influence on these parameters on the rates and extent of vivianite
formation. Our findings demonstrate that FeS can be an effective iron source for vivianite formation in aquatic
sediments when sulfide concentrations decrease due to, for example, changes in external forcing or microbial
sulfide oxidation. Formation of vivianite from FeS as an Fe source can also open new perspectives in P recovery in
water treatment, for example when Fe is added to digesters to bind HjS.
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1. Introduction dissolved phosphate (PO%’, hereafter P). The mobilized P can be

transferred to the overlying water and thus exacerbated P excess.

Phosphorus is an essential element to organisms and, consequently, a
key regulating factor for primary production in aquatic ecosystems.
However, excessive phosphorus often aggravates eutrophication in
aquatic systems. Besides reducing the anthropogenic input of phos-
phorus to waterbodies, increasing of phosphorus burial in the sediments
could also be a mitigation strategy to reduce phosphorus levels [1].
During early diagenesis, phosphorus can be mobilized from organic and
inorganic solids by, e.g. reduction of iron (hydr)oxides with sorbed
phosphorus and decomposition of organic matters, in the form of
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However, the liberated P can also be re-immobilized by the formation of
authigenic P-containing minerals, presenting a pathway for long term P
retention in sediments. Relevant authigenic P-bearing minerals include
calcium phosphates, such as apatite, and phosphates forming with
ferrous (Fe(II)) and ferric (Fe(IIl)) iron. Under reducing conditions,
vivianite (Fe3(PO4)2 e 8H30) is the most stable mineral among the
various iron orthophosphates [2]. Authigenic vivianite has been detec-
ted in many freshwater environments ([3] and references therein) and
has been proposed already early on to be a result of the reduction of Fe
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(I11) phosphates or Fe(IIl) hydroxides with adsorbed P (for example [4]).
In the context of eutrophication abatement, the significance of vivianite
as a possible sedimentary sink for P has been acknowledged (for example
[2]) and has been integrated in mitigation strategies of eutrophic lakes
based on iron addition [5,6]. Reports on vivianite authigenesis in marine
sediments are scarce but it has been shown that vivianite can also pre-
sent a major sink for P in marine systems [7-9]. In marine systems, the
role of vivianite in P sequestration has been widely ignored due to the
high sulfate concentrations in sea water. Due to the high abundance of
sulfate, sulfide (hereafter S(-II)) production upon sulfate reduction
typically exceeds the extent of Fe(I) production and, consequently, S
(-II) competes with P for Fe’" to form iron sulfides, such as mack-
inawite (FeS), pyrite (FeSy) and pyrrhotite (Fej«S). In pyritic environ-
ments, pyrite is often the only stable iron phase [10]. Despite the
antagonism between the authigenic formation of vivianite and iron
sulfides, the concurrence of both iron phases has been commonly re-
ported [11-13]. The competition between authigenesis of different Fe
minerals is essentially governed by thermodynamics and kinetics [14].
Co-existence of Fe-S (e.g. FeS), Fe-CO3 (e.g. siderite) or Fe-P (e.g. viv-
ianite) can be a consequence of preferential precipitation of one phase
until the corresponding anion becomes exhausted and the next phase
takes over, or can be a consequence of small-scale heterogeneity in the
sediments. Simultaneous precipitation is also possible when the growth
of the most stable mineral is kinetically retarded and precipitation of
metastable phases is enabled. Finally, co-existence can also be the
consequence of non-steady state conditions during early diagenesis.
Particularly, the composition of pore water surrounding Fe minerals can
change over time. This can be the case because of the burial and
convective movement of minerals into sediment layers with different
pore water composition, or changes in pore water composition driven by
variable external forcing (e.g. changes in sulfate concentration or oxy-
gen concentration in the overlying water, organic carbon burial rates
etc.), or due to emerging or elusive biological activity (e.g. bioturbation
or cable bacteria colonization). For example, cable bacteria use their
filaments for long-distance electron transfer [15] and are able to oxidize
S(-II) in deeper sediment layers by using oxygen in the upper part of the
sediment as an electron acceptor. In combination with the acidity pro-
duction due to S(-II) oxidation, FeS dissolution can be greatly enhanced
by the activity of filamentous cable bacteria [16-18]. As a consequence,
Fe2" is released into the pore water and the formation of vivianite could
be promoted. This is one of the possible scenarios that formation of
vivianite from mackinawite could be enabled in aquatic sediments.
However, this pathway for vivianite formation has not received atten-
tion so far. To our knowledge, experimental studies on the trans-
formation from FeS to vivianite are lacking and the mechanism as well
as the kinetics of this transformation are unknown.

The transformation from FeS to vivianite is expected to be a
dissolution-precipitation process instead of solid-solid phase transition,
due to higher activation energy required for the latter mechanism [19].
Hence, the process can be schematically represented by a sequence of
the following two reversible reactions:

FeS (s) + H =Fe*" + HS™ (Step 1)

3Fe’™ 4 2P0O;" + 8H,0 = Fe;(PO,),-8H,0(s) (Step 2)

This implies, that the overall rate could be limited by either of the
two steps. Pankow and Morgan [20] developed a rate law for the
dissolution of FeS yielding rates around 2 10~° mol m~2 min! at cir-
cumneutral pH and 25 C°. This value represents rates far from equilib-
rium and the dissolution is expected to proceed slower close to
equilibrium when the reverse reaction becomes relevant. Also the
growth kinetics of vivianite depend on the distance from equilibrium
and rates between 2 10~ and 2 10~ '® m s! have been reported at 35 C°
[21], corresponding to Fe normalized growth rates between around 2
1073 and 2 1077 mol Fe m™2 min! for saturation indices between
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approximately 4.3 to 2.2, respectively. For comparison, the dependency
on saturation indices has also been reported for fluorapatite growth in
seawater where values decrease from 2.5 107 to 1.3 10~® mol Ca m 2
min~! for saturation indices decreasing from 1.7 to 1.4 [22], respec-
tively. When ignoring differences in interfacial area of vivianite and FeS,
these data lead to the hypothesis that, if thermodynamically possible
and at circumneutral pH, vivianite growth will be limiting the formation
of vivianite from mackinawite until the solution is moderately super-
saturated with respect to vivianite and reaches values for the saturation
index (SI) above 2. The hypothesis corresponds with the findings of Liu
et al. [23] from reactor experiments, who reported that efficient viv-
ianite crystallization required SI values above 4.0. These considerations
are based on reported rates of vivianite growth and do not consider
vivianite nucleation. It is possible that heterogenous nucleation occurs
on the surface of FeS particles, which can potentially lead to FeS over-
growth and other feed-back mechanisms. In any case, the reported rates
also suggest, when assuming specific surface areas in the range of tenths
or hundreds m? g~! that a considerable fraction of FeS can transform
into vivianite within hours to days.

In this study, we aim to experimentally verify that transformation of
vivianite from FeS is possible and can occur within hours to days. In
order to test the hypotheses about the formation mechanism and ki-
netics, we performed experiments in a pH range between 6.0 and 8.0 and
varied the phosphate concentrations. By this, the thermodynamic
driving force of the transformation was varied, which is expected to be
reflected in the rates of the reaction.

2. Material and methods
2.1. Apparatus and chemicals

Mineral synthesis, solution preparation, setting up experiments and
all manipulations with sampled solids were performed in a glove box
under N; atmosphere (> 99.99%) to minimize oxidation artefacts.
Deionized water (DI water, < 18.2 MQ) was used for all solutions. For
removing dissolved oxygen, DI water was purged with Ny gas for at least
one hour prior to use. This method leaves dissolved oxygen in the water
at concentrations around 6 uM [24], which were conceived neglectable
compared to the applied FeS concentrations. All chemicals were of at
least analytical grade and used without any further purification.

2.2. FeS synthesis

The FeS synthesis was conducted following Wolthers et al. [25] by
producing a precipitate frequently referred to as disordered or amor-
phous FeS. Briefly, 100 mL of 0.6 M NayS solution (sodium sulfide
nonahydrate, Sigma-Aldrich, BioUltra) was mixed with 100 mL of a
solution of 0.6 M Mohr’s salt (Ammonium Fe(II) sulfate hexahydrate,
Sigma-Aldrich, ACS reagent). Blackish precipitates formed instanta-
neously and were filtered by using a paper filter (& 185 mm, Schleicher
& Schuell 595). The precipitates were first collected in a glass bottle
sealed with rubber lids to prevent oxidation, and only opened before
freeze-drying. After freeze-drying, the bottle was sealed again and
wrapped with aluminum foil to avoid photochemical reactions. The
solids were kept at —20 °C to retard any solid phase transformations.

2.3. Experimental setup

Batch experiments were carried out in duplicates at pH 6.0, 7.0 and
8.0 which was maintained during the experiment using 10 mM buffer
solutions: MES for pH 6.0 (Calbiochem, pK, = 6.10 at T = 25 °C), HEPES
buffer for pH 7.0 (Sigma-Aldrich, pK, = 7.48 at T = 25 °C) and PIPPS
buffer for pH 8.0 (Calbiochem, pK, = 7.96 at T = 25 °C). The pH was
adjusted by using HCI or NaOH, respectively, and checked at the end of
the experiments. No significant changes in pH were observed. 0.01 M
NaCl (EMSURE) was added to the buffer solution as a background
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electrolyte. Phosphate levels of 0.0, 1.0, 2.5, and 5.0 mM were estab-
lished by the addition of 0.333 M NaH2PO4 (Calbiochem) or 0.5 mM
NayHPO4 (Sigma-Aldrich) stock solutions. Depending on the target pH
value: 100% of NaH,PO4 was added for experiments at pH 6, 50% of
NaH,PO4 and 50% of NayHPO4 at pH 7, and 100% of Na,HPO4 was
added to pH 8 experiments. This was done to reduce the influence on pH
upon adding phosphate solution caused by the transformation among
different phosphate species.

The experiments were prepared in serum glass bottles (125 mL).
First, 100 mL of background electrolyte containing the buffer solutions
was added to the bottles, then ~10 mg of freeze-dried FeS was weighed
and subsequently added to the solutions. This resulted in a starting FeS
concentration of ~1.2 mM. Subsequently, P was added correspondently
to the target P concentrations (0.0, 1.0, 2.5 and 5.0 mM). After the
addition of chemicals, the bottles were closed with a rubber stopper,
which was secured with an aluminum screw cap. After preparation, the
bottles were transferred out of the glove box and kept in a lying position
on a horizontal shaker at 120 rpm at 21 + 1 °C during the whole
experiment. Before installation on the shaker, all suspensions were
sonicated (Branson 3800) for 5 min to resuspend the FeS particles.
Additionally, the serum bottles were wrapped in aluminum foil to pre-
vent light-induced redox reactions.

In preliminary tests, we have established that the rubber stoppers are
an effective sink for dissolved S(-II), possibly via binding to the poly-
sulfide crosslinks or remaining elemental sulfur in the rubber. Hence,
the experiment mimics an environmental setting in which FeS dissolu-
tion is driven by the removal or consumption of dissolved S(-II), for
example, by anaerobic S(-II) oxidation [26]. Correspondingly, the
anticipated equilibrium vivianite formation has been calculated for two
extreme conditions: closed system and fixed, negligible HoS pressure and
is presented in Fig. S1.

2.4. Sampling and chemical analysis

Aliquots were taken repeatedly during the experiments. Before
sampling, the bottles were put into an ultrasonic bath for 5 min in order
to homogenize the suspension. 2 mL of the suspension was taken by
using a syringe with a needle. Prior to each sampling, 2 mL N, gas was
injected from an Nj-filled syringe to avoid a negative pressure in the
bottle that could have caused ingress of atmospheric O,. The suspension
was quickly filtered through a nylon filter (z 13 mm, 0.2 pm pore size,
Mdi) to separate suspended solids from the solution. The filtrate,
considered to contain only dissolved species, was separated into two
aliquots: One aliquot (0.5 mL) was added to 10 mL of 0.2% Zn-acetate to
retain and preserve S(-II). The other aliquot (1 mL) was added to 0.2 mL
6 M HCI to remove S(-II) by converting it into H,S and to prevent Fe(II)
oxidation, hence preserving dissolved Fe and P. Afterwards, the filter
was flushed with 1 ml of deoxygenized DI water and then slowly
extracted with 1 mL of 6 M HCl in order to dissolve the retained solids on
the filter for determining solid-bound Fe and P. Sulfide concentrations
were regularly determined at the beginning of the experiment but only
occasionally in a later stage, as the concentrations were constantly
below the detection limit by the methylene blue method (<1 pM). In
addition, dedicated samples were collected after 37 days reaction time
to determine total Fe(II) and Fe(III) concentrations. This was done to
ascertain that Fe(Il) remained in reduced state throughout the experi-
ment. For this, a sample of 2 mL was collected inside the glove box and
added directly to 1 mL of 6 M HCI without a filtration step.

Concentrations of S(-II), Fe(II), Fe(Ill) and PO3 ™ in the filtered so-
lutions were determined photometrically: S(-II) was measured using the
diamine reagent following the method of Fonselius et al. [27]. Fe(II) and
Fe(III) concentrations were measured according to the revised Ferrozine
method [28], with extra buffer added to neutralize 6 M HCl. The
ascorbic acid method was used to determine PO~ concentrations
following the protocol of Hansen and Koroleff [29].
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2.5. Characterization of solids

Solids were retrieved after 37 days of incubation by filtration
through cellulose acetate filters (0.2 pm, OE66 Whatman), using sy-
ringes and a membrane holder (13 mm diameter, Whatman) inside the
glovebox. Prior to retrieving the solids, the mineral suspensions were
dispersed in an ultrasonic bath. The collected solids were rinsed with O,-
free DI water to remove salts and dried under an Ny gas flow inside the
glove box. The retrieved solids, together with the filter, were collected in
a petri dish. The petri dish was then sealed with parafilm, put into a bag
made out of triplex foil containing an Al layer, closed and kept inside the
glove box until further analysis.

2.5.1. X-ray diffraction

The X-ray diffraction (XRD) measurements were carried out using an
air-tight sample holder (Airtight specimen holder with knife edge,
Bruker). The retrieved solids on the membrane were fixed on the holder
with double-sided tape, and because of the limited sample mass, the
diffractograms contained a broad background peak at ~ 27° originating
from the tape or filter membrane. The XRD analysis was performed on a
Bruker AXS D8 ADVANCE X-ray diffractometer with Copper K-a radia-
tion (40 kV, 40 mA) over the range 20 from 8 — 50°, the integration time
of 2 s and step size of 0.02°. The software Diffrac.DEV 3.0 (Bruker) was
used for analyzing the XRD data.

2.5.2. Transmission electron microscope

Dry solids were dispersed in 0.5 mL ethanol (biological molecular
grade, Sigma-Aldrich,) in 2 mL tubes (Eppendorf) inside the glove box.
To homogenize the suspension, the tube was firstly sealed, removed
from the glove box and then put into an ultrasonic bath for 10 min. After
ultra-sonification, the tubes were transferred back into the glove box and
TEM samples were prepared by adding 20 pl of the mineral suspension to
a holey carbon grid (200 mesh, Agar Scientific) and left until dry. Each
sample was then put into a storage box (rotary with 6 positions, Agar
Scientific) and then sealed with parafilm separately. The storage box
was then put into an PP sealing bag, and then heat-sealed with N5 gas to
maintain anoxic conditions during sample transportation.

For the TEM measurements, samples were loaded as quickly as
possible into the TEM holder. Transmission electron microscope (TEM)
measurements were performed on a FEI Talos F200X microscope,
equipped with four energy-dispersive X-ray detectors (Super-X EDX) at
the electronic microscopy Electron Microscopy Square, Utrecht Uni-
versity. The images were measured with 200 kV acceleration voltage.
For the TEM image processing, Velox 3.6.0 (Thermo Scientific) was used
for labeling and marking areas, and ImageJ was used for quantifying
dimensions in the micrographs without any further image manipulation.
Fityk 1.3.1 was used to fit the EDS spectra, and the relative content of S,
Fe and P were calculated by the obtained peak areas and later
normalized.

2.5.3. X-ray absorption spectroscopy

For preparing samples for X-ray absorption spectroscopy (XAS)
measurements at the Fe K-edge, an amount of the dried solids collected
after 37 days corresponding to ~1 mg of Fe was mixed with 100 mg of
cellulose (microcrystalline, <20 pm particle size, Sigma-Aldrich). For
this, about a quarter of the freeze-dried cellulose filter membrane
covered by the solids was ground in an agate mortar together with the
cellulose. The mixtures were then pressed into 7-mm diameter pellets
using a hand pellet press (PIKE technologies). After preparation, the
pellets were placed on pellet holders (9 samples per holder) that was
covered on both sides with Kaptonstape. The sample holders were placed
in Na-filled bags made from triplex aluminum foil which were sealed for
shipment to the synchrotron.

The XAS measurements were performed at the XAS beamline at the
KIT Light Source (Karlsruhe Institute of Technology, Germany). Inside a
glove box, the sample holders containing the Kapton"-sealed pellets were
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removed from the N-filled bags and mounted inside a vacuum chamber,
preventing any air contact. The measurements were performed at room
temperature in transmission mode, using ionization chambers for the
analysis of the incoming and transmitted X-ray intensity. A double-
crystal monochromator was used for energy selection, and was cali-
brated by setting the first maximum of the first derivative of the spec-
trum of a metallic Fe foil to 7112 eV On each sample, between 3 and 14
scans were collected and merged. Together with the samples, reference
spectra of synthetic FeS, vivianite and lepidocrocite were collected.
Reference spectra of an amorphous basic Fe(Ill)-phosphate [30] and of a
natural pyrite specimen were available from earlier measurements. The
X-ray absorption near-edge structure (XANES) and extended X-ray ab-
sorption fine edge structure (EXAFS) spectra were extracted and eval-
uated using the software code Athena [31]. For the extraction of the
normalized XANES spectra, Ey was set to 7128.5 eV, a linear function
was fit to the pre-edge region (—100 to -30 eV before E) for background
removal, and a cubic function to the post-edge region (50-400 eV above
Ep) for normalization. For the extraction of the EXAFS spectra, the
Autobk algorithm was used (Rykg = 0.85; k-weight = 3; spline k-range
0-11.8 A~1). The XANES spectra were analyzed by linear combination
fitting (LCF) over the energy-range from - 40 eV to +100 eV around E,
and the k®-weighted EXAFS spectra over the k-range 2-10.5 A~ 1. Based
on preliminary tests (principal component analysis, target testing, and
LCF analyses), five reference spectra (mackinawite, vivianite, lep-
idocrocite, amorphous basic Fe(IlI)-phosphate and pyrite) were selected
to fit the XANES and EXAFS spectra. For fitting, the fractions of the in-
dividual components were constrained to values between 0 and 1,
whereas the sum of the fractions was not constrained.

2.5.4. Mossbauer spectroscopy

Additional experiments dedicated to produce samples for Mossbauer
spectroscopy were conducted at pH 6.0, 7.0 and 8.0 with 5 mM P ma-
terials that were enriched in ®’Fe (20% of total Fe) to enhance the signal.
For this, 57Fe203 (Sigma-Aldrich) was dissolved in aqua regia (3: 1
HNOj3: HCl) and subsequently reduced with hydroxylamine (Sigma-
Aldrich); the 57Fe(II) concentration was constantly monitored during the
process to ensure complete reduction. After °”Fe(IIT) was fully reduced
by hydroxylamine, the 3”Fe(II) solution was then neutralized by adding
1 M NaOH from pH 0.06 to about 3.0 under anoxic conditions. To
synthesize 20% °"Fe - enriched FeS, the method mentioned above from
Wolthers et al. [25] was followed with some slight modification. Here
the Fe(II) solution was composed of the 57Fe(I) solution plus Fe(II)
chloride tetrahydrate (FeCly - 4H20, Acros Organics) to obtain a
20%-labelled >’Fe solution. Subsequently, Na,S was added and a black
suspension formed immediately. The pH was checked regularly after
each chemical addition, and kept at ~3 by adjusting with HCl or NaOH.
After synthesis of °’FeS, the experiments were set up directly by adding
S7FeS, following the description above with 5 mM P loading.

The solids were retrieved inside the glove box after 29 d reaction
time and prepared for Mossbauer analysis following methods described
by Wan et al. [32]. For this, 20 mL of the suspension for each treatment
was filtered with a cellulose membrane filter (Whatman, 13 @ mm, 0.45
pm) until the filter was clogged. Two filters were used for each sample.
Then the retrieved solids were wrapped in Kapton tapes (sandwich-like)
and the excess Kapton tape was cut to fit into the sample holder of the
cryostat cold finger. Samples were transported in a sealed bottle and
either stored in a freezer at —26 °C or loaded directly into the cryostat at
80 K. For the Mossbauer measurement, a constant acceleration
Mossbauer spectrometer was used in transmission mode with a nominal
1.85 GBq %’Co source in 6 pm Rh matrix. The velocity scale was cali-
brated relative to o-Fe. Samples were measured at 80 K in a Janis
continuous flow cryostat cooled with liquid nitrogen. The whole mea-
surement time for each spectrum ranged between 8 and 16 h. Samples
were stored in the freezer in between measurements. To check for
alteration during freezer storage, we compared the spectrum of pH 6
measured immediately after transport with one collected after 2 days of
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storage at —26 °C and saw no evidence for changes. For data fitting, we
used MossA [33] for the pH 6 spectrum and Recoil [34] for the pH 7 and
pH 8 spectra.

2.6. Thermodynamic calculations

Visual MINTEQ 3.1 was used for chemical equilibrium calculations
[35] using the corresponding data base thermo.vdp. Values for the SI of
vivianite were calculated based on the measured Fe(Il) and P concen-
trations and the adjusted pH:

SI = lo <l )
sp

where Kgp is the solubility product and IAP denotes the ion activity
product of vivianite. For the solubility product of vivianite K vivianite =
1073580 (294 K, [36]) was used and IAP was calculated based on:

IAP = {F&* ) {PO}}?

With activities calculated based on measured concentrations and
activity coefficients obtained based on the Davies equation.

3. Results
3.1. Time evolution of the chemical composition of the suspension

Initial concentrations of dissolved Fe(II) (Fe(I),q), measured 4 h
after starting the experiments, ranged between 18 and 250 pM in the
control treatments without P loading, and decreased with increasing pH
(Fig. 1a, 1b and 1c). The time evolution of FeS dissolution, reflected in
Fe(Il),q concentrations in the control experiments, was strongly pH-
dependent. At pH 6, Fe(Il),q increased throughout the whole experi-
ment, reaching final concentrations around 1200 pM when the suspen-
sions turned nearly transparent, implying that FeS dissolution had been
almost complete. At neutral pH, Fe(II),q concentrations first built up and
then started to decrease after 7 d when a maximum Fe(II),q concentra-
tion of 350 pM was reached. In contrast, Fe(I),q concentrations at pH 8
decreased from the beginning until undetectable (<1 uM) after day 6.

The addition of P affected the temporal patterns of Fe(II),q concen-
tration significantly. The increase in Fe(Il),q during the first four days of
reaction time was not affected by the presence of P at pH 6. However,
after four days, the trend in the P treatments diverged from the control
experiments and Fe(II),q concentration started to decrease and remained
at a constant level after about 10 d At pH 7, Fe(Il),q concentrations
started to drop from the beginning of the experiments when P was
present and reached steady state concentrations after about 3 d In
contrast to the control experiments, Fe(Il),q concentrations stayed
approximately constant or increased in the first five days at pH 8. The
increase was most pronounced in experiments with initial P concen-
trations (Pj,i) of 5 mM. Afterwards, the concentration decreased in the
suspensions with higher Py,; concentrations and also reached a quasi-
steady state after about 15 d

At both, pH 6 and 7, the steady state Fe(Il),q concentrations
decreased with increasing Pip;. The average concentrations over the last
20 d of the experiment at pH 6 ranged between ~100 to 300 pM whereas
the concentrations at pH 7 were below 100 pM. At, pH 8 the final Fe(II)aq
concentrations only reached values between 10-40 pM. However, in
contrast to the lower pH values, the Fe(Il),q concentrations increased
with increasing Piy;. Irrespective of pH, elevated Fe(Il),q concentrations
were reflected in lower contents of solid-bound Fe (Fig. S2), as expected
from mass balance calculation.

With respect to the solid-bound P (Pg,), 4 h after the start of the
experiment, higher values were measured at higher Py; at all pH values.
The initial Py, concentration can be attributed to P adsorption onto FeS
and, at given P concentration, amounts of adsorbed P were higher at pH
7 compared to the other two pH values. Irrespective of pH, Pg,
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Fig. 1. Time evolution of (a, b and c) dissolved Fe(II) and (d, e and f) solid-bound phosphate concentrations at (a, d) pH 6, (b, e) pH 7 and (c, f) pH 8 for different P
loading (0, 1, 2.5, and 5 mM). The shaded areas represent the minimum/maximum values for duplicate experiments. Note, the scale of the axis for dissolved Fe(II)
concentrations varies between pH values. Time evolution of solid-bound Fe(II) and dissolved P are shown in Fig. S2.

concentrations showed an increasing trend during the first 10 d of the
experiments, most pronounced for high P;,; concentrations (Fig. 1d, le,
1f). This increase in Pg, concentrations corresponded with the decrease
in dissolved phosphate concentrations (Paq, Fig. S2d, S2e, S2f). After 10
d, no consistent trend among the different experiments could be
recognized: For Pj;; = 1 mM, Pg, increased throughout the whole
duration of the experiment at all pH values; for Py,; = 2.5 mM, Py,
reached steady state concentrations for pH 8 at 10 d, whereas concen-
trations at pH 6 & 7 fluctuated around the value measured after 10 d;
and for Py = 5 mM, Py, reached highest concentrations after 6 d at pH 8
and exhibited a decreasing trend afterwards. At pH 7 and 6, maximum
Py, concentrations appeared at 10 d and 15 d, respectively, and later for
pH 8. Irrespective of the different temporal evolution, the increase in Pg,
concentrations throughout the whole experiment was of the same range
(~200 - 300 uM) for all treatments.

Dissolved S(-II) concentrations (data not shown) were low (< 50 pM)
at the beginning of the experiment and usually below detection limit
(<1 pM) when occasionally determined after 2 d

3.2. Solid characterization

3.4.1. X-ray diffraction (XRD)

When ignoring the background signal, all identified diffraction peaks
could be ascribed to vivianite located at 13.1 (020), 11.2 (110), 18.1
(200), 21.8 (130), 23.1 (201) and 27.8 (131) 20 Cu K-o (1.5406 ;\)
(Fig. 2). Although varying in relative intensity, XRD confirmed the
presence of vivianite in the solids obtained from all P amended experi-
ments, with the exception of pH 8, 1.0 mM Pj;. In this sample, none of
the vivianite related peaks could be unequivocally identified. The in-
tensity of the diffraction peaks was decreasing with increasing pH, most
visible for the strongest diffraction at 11.2 20. Mackinawite could not be
identified unequivocally from X-ray diffractograms and only a broad
peak at 17.6 20 could tentatively be attributed to mackinawite. No in-
dications for the presence of other crystalline phase were obtained from
XRD analysis besides a peak at around 14.2 26 in samples from control
experiments, which can be ascribed to lepidocrocite.
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Fig. 2. X-ray diffractograms collected of solids after 37 d of reaction. The diffractograms are normalized based on the intensity of the background tape peak (at ~27°
2theta).Letters indicate diffraction peaks with high intensity of mineral standards: v = vivianite, m = mackinawite, L=lepidocrocite.

3.4.2. Transmission electron microscopy (TEM)

Transmission electron microscope (TEM) micrographs collected for
starting material and for solids formed in the experiments with Pi,; = 5
mM experiments are shown in Fig. 3. Additional images of the control
experiments (Pj,; = 0 mM) are provided in the Supplementary Material
(Fig. S3). Particles with different morphology were observed at all pH

levels for P-loaded treatments. This included particles with a size of
several pm with sharp edges appearing parallelogram-shaped in the
micrographs, accompanied by irregularly small particles with a size of
several tenths of nm (Fig. 3a, 3b, 3c). Samples collected at pH 8 also
contained particles appearing as partially wrinkled sheets. The large,
parallelogram-shaped particles were absent in the starting material



M. Ma et al.

500 nm

800

200 Am
d FeS

g SAED pH 6

h SAED pH 7

Chemical Engineering Journal Advances 16 (2023) 100565

cpHS8

f SAED pH 6
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Fig. 3. Results from TEM analysis of the fresh FeS and of solids collected at the end of the experiments. Micrographs for pH 6 (a), pH 7 (b), pH 8(c) with an initial P
loading of 5 mM and initial FeS (d and e); f) SEAD pattern showed a single crystalline pattern for micrograph b. g-i) g, h and i are SAED patterns taken from a, b, and
¢, respectively. The letters m and v at the rings in SAED figures represent diffractions, which can be attributed to mackinawite and vivianite, respectively. The

corresponding EDS spectra are shown in Fig S4.

(Fig. 3d) or in the samples from control treatments (Fig. S3a, S3b, S3c)
and resemble microscopic images of vivianite presented in previous
studies [37,38]. Energy-dispersive X-ray spectroscopy (TEM - EDS)
showed an increase in relative P contents and decrease in S(-II) signal
along the trajectory from areas, which are rich in fine material, to those
with the large particles (following arrow direction, Fig. S4 and
Table S1). The S / Fe ratio was low (< 0.1) in general except pH 6 (~ 1.3
at spot A, Fig. S4). P / Fe ratios reached 0.6 for pH 6 and pH 7, which is
within the range of the stoichiometric ratio in vivianite. Further inves-
tigation of the large particles by selective area electron diffraction
(SAED) of a single particle for pH 7 underpin that the large particles are
vivianite. The SAED reflect interplanar distances of 10.15 A and 4.65 A
at an angle of 104.5° matching with the cell parameters for vivianite.
Poly-crystalline diffraction patterns (pH 7 & 8, Fig. 3b and 3c) were

observed and point to (011), (111), (020), and (121) planes of FeS. The
200 plane of vivianite can be attributed to the smallest circle obtained
for the pH 8 sample (Fig. 3g).

3.4.3. X-ray absorption spectroscopy

The XANES and EXAFS spectra of all samples and of references used
for the analysis of the sample spectra by LCF are shown in Figs. S6, S7, S8
and S9. Both the XANES and EXAFS spectra are analyzed by LCF
(Table S2). In general, consistent results were obtained from the LCF
analysis of the XANES and EXAFS spectra. To visualize the speciation of
the entire Fe in all experiments, the LCF-based fractions were scaled by
the fraction of solid-phase Fe (as percentage of total Fe) and are shown
together with the fraction of Fe(I),q in Fig. 4 (EXAFS) and Fig. S5
(XANES).
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Fig. 4. Results from the LCF analysis of the Fe K-edge EXAFS spectra of solids collected on day 37 combined with data on dissolved Fe(II). The solid-phase LCF results
were scaled by the fraction of solid-phase Fe as estimated from the average fractions of dissolved Fe at days 21 and 29. Viv = vivianite, FeP = amorphous basic Fe
(IID)-phosphate, FeS = mackinawite, Lp = lepidocrocite, Pyr = pyrite, Fe(I) = dissolved Fe(II). Corresponding results obtained from the XANES spectra are shown

in Fig. S5.

The LCF analysis indicated that the samples contained between 0 and
95% ferric Fe(IIl), with a trend towards higher fractions in the P-free
controls and at higher pH values. Considering that the analysis of total
Fe(I) and total Fe in the final suspension of day 37 indicated that only a
minor fraction of Fe(IlI) had formed by oxidation artifacts during the
experiment, and that replicate samples for Mossbauer spectroscopy did
not contain detectable amounts of Fe(Ill) (see Section 3.4.4), it was
assumed that higher Fe(IIl) fractions observed by XAS reflected the
partial oxidation of Fe in these samples during sample collection or
storage in the glove box. Taking into account that mostly the lep-
idocrocite reference spectrum was used to account for oxidation artifacts
in the P-free controls, and that the amorphous Fe(Ill)-phosphate refer-
ence was mainly included in the fits of spectra from P-containing
treatments (Fig. 4; Table S5), it was presumed that lepidocrocite could
be interpreted as a transformation artifact from mackinawite, and
amorphous Fe(Il)-phosphate as a transformation artifact from vivianite
(considering the reported formation of amorphous Fe(III)-phosphate
from vivianite, see [39]). Based on this assumption, the LCF results
suggested that the extent of vivianite formation at pH 7 was higher than
at pH 6 and pH 8. At pH 6, the addition of P led to the formation of
vivianite at the expense of dissolved Fe?*release by rapid mackinawite
dissolution. Also at pH 7 and 8, the addition of P promoted the formation
of vivianite. No clear trends in the extent of vivianite formation, how-
ever, were evident as a function of the concentration of P.

3.4.4. Mossbauer spectroscopy

From the analysis of the Mossbauer spectra of % Fe-labeled mack-
inawite reacted with 5 mM P for 29 days, no indications for the presence
of ferric Fe were obtained, supporting the notion that ferric Fe in the
samples analyzed by XAS was formed during sample collection or stor-
age in the glovebox (Fig. 5). All spectra showed a mixture of para-
magnetic and magnetically-ordered phases. The spectra of samples
reacted at pH 7 and pH 8 are similar, and different to the spectrum of the
sample reacted at pH 6. This latter spectrum was dominated by a singlet

that likely corresponds to stoichiometric mackinawite [40]. The ab-
sorption near ~3 mm/s suggests the presence of more than one doublet.
Hyperfine parameters of the two doublets correspond well to Fe(Il) in
vivianite, including a roughly 2:1 area ratio [41]. The six-line signals
(sextets) near 6 mm/s indicated greigite formation [42] (in qualitative
agreement with a relatively high fraction of pyrite in the sample reacted
at pH 6 at 5 mM P), and the remaining sextet is likely Fe,S [40]. Spectra
at pH 7 and pH 8 were dominated by an asymmetric sextet, corre-
sponding to mackinawite with excess S. Vivianite formation is consistent
with the remaining absorption. At pH 7 and pH 8, the extent of vivianite
formation was ~20% (less than obtained by XAS on a different set of
samples) and the remaining Fe was attributed to mackinawite with
excess S. For pH 6, ~30% transformed into vivianite, and 17% into
greigite. The distribution of iron in the different phases is summarized in
Table 1 and hyperfine parameters are listed in Table S3.

4. Discussion

4.1. Verification of FeS transformation into vivianite and underlying
mechanism

XRD, Mossbauer, XAS and TEM analyses unisonously corroborate the
formation of vivianite in all P-amended treatments. Hence, the results
provide direct evidence that transformation of FeS into vivianite can be
an effective pathway to immobilize dissolved P. For example, for Pj,; =
1 mM, final P,q concentrations reached about 476, 390, 750 uM for pH 6,
7 and 8, respectively. The formation of vivianite has been expedited in
the experiments due to relatively high P,q concentrations from 1 to 5
mM. However, P concentrations of hundreds of uM up to 1 mM are not
uncommon in pore waters of marine and freshwater sediments [43-45]
implying that FeS can also be an effective Fe source for vivianite for-
mation in aquatic sediments. The time evolution of the Fe(Il);q con-
centration at pH 6 is in line with the expectations based on the
hypothesis. The initial increase in Fe(II),q concentration is reflecting
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Fig. 5. Mossbauer spectra of >’Fe labeled mackinawite reacted with 5 mM P for 29 days. The spectra were recorded at ~ 80 K. FeS, = mackinawite, Grg,, =
greigite, Viv,p = vivianite. Corresponding parameters used for fitting are listed in Table S3.
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Table 1
Distribution of iron in the different phases from Mossbauer spectra.

Treatment Speciation (%)
Stoichiometric Vivianite  Greigite  Unidentified iron
mackinawite sulfide

pH 6 43 29 17 11

pH7 79 21

pH 8 81 19

relatively fast FeS dissolution, the subsequent decline in Fe(I)ag,
accompanied with an increase in Pg,, can be ascribed to vivianite pre-
cipitation (Fig. 1). This implies that FeS dissolution is a prerequisite for
vivianite formation and that vivianite forms via a dissolution - precip-
itation process. The different morphologies of FeS and vivianite,
observed in the TEM micrographs, further supports the dissolution —
precipitation pathway. At pH 6, the transition from increasing to
decreasing Fe(Il),q occurs after about 4-6 days when saturation indices
for vivianite reached values between 3 and 4 (Fig. 6). This corresponds
with the observation of rapid vivianite nucleation and precipitation at SI
values >4 [23].

The trend in Fe(Il)yq after 4-6 days, further indicates that Fe(Il)aq
consumption due to vivianite formation proceeds faster than FeS
dissolution beyond this time, implying that vivianite growth becomes
limited by the rates of Fe supply from FeS dissolution. The phase of
vivianite growth limitation by FeS dissolution extends until the end of
the experiment, with SI values remaining close to 2.0. This is also in
agreement with the assessment of reported rates for FeS dissolution and
vivianite growth reported in literature and presented in the introduc-
tion. That is, vivianite growth rates are strongly depending on the dis-
tance from equilibrium, reflected in the SI value, and are expected to
surpass FeS dissolution rates at SI values between 2.0 and 4.0.

The SI values do not fall below 2.0 in the experiments at pH 6
implying that the solutions do not reach equilibrium with respect to
vivianite. This can be explained by a strong dependency of the vivianite
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growth rates on SI as reported by Madsen and Hansen, [21]. Only a
marginal decrease in SI is sufficient for vivianite growth rates to follow
the decline in FeS dissolution rates towards the end of the experiment. At
lower SI values, the reaction becomes so slow that equilibrium is not
reached over the duration of the experiment.

The temporal evolution of Fe(Il),q in the experiments at pH 7 and pH
8 deviates from that observed at pH 6 in a number of ways: there is no
initial increase in Fe(I)aq concentration in the P amended suspensions,
and Fe(II),q concentrations do not increase in control experiments (pH
8) or the increase is not prolonged over the whole experiment (pH 7).
This implies that the mechanism of vivianite formation from FeS cannot
be directly deduced from the temporal evolution of solution composition
at these pH values. However, the similarity in size and shape of vivianite
crystals formed at all pH values suggests that it was formed via the same
reaction sequence at all pH values. The absence of an initial Fe(Il),q
increase, as observed in the P-amended suspensions at pH 7 and 8, can
be attributed to the relative high initial SI > 4.0 that ensures rapid
vivianite nucleation and growth [23].

4.2. Effect of pini and pH on the rates and extent of vivianite formation
from FeS

Based on the conclusion that vivianite formation proceeds via
dissolution and precipitation and that the transformation is limited by
FeS dissolution rates, it is expected that the effect of pH and P concen-
tration on FeS dissolution rates is reflected in the rates and consequently
the extent of vivianite formation. At pH 6 initial rates of Fe(Il),q pro-
duction (Table 2) are similar in control and P amended experiments,
implying that P concentrations do not significantly affect FeS dissolution
rates at pH 6. For the first 3 days of reaction, the average rate of Fe(Il),q
production is about 67 pM d~!. Based on the rate law by Pankow and
Morgan [20] and assuming a specific surface area of 350 m?/g [25] for
FeS, Fe(I),q rates around 1.0 M d~! would be expected, which are more
than three orders of magnitude larger than those observed in our ex-
periments. The considerable difference can be partially attributed to the
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Fig. 6. Time evolution of ion activity products (IAP, left, in logarithm scale) and corresponding saturation indices (SI, right). Values are calculated based on the
concentrations of dissolved Fe and P and the suspension pH. The dashed blue line indicates the solubility product of vivianite [36]. Values were calculated based on

the average measured concentration of duplicate experiments.
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Table 2
Fe(Il),q production rates due to FeS dissolution and Py, production rate.

Chemical Engineering Journal Advances 16 (2023) 100565

Treatment Fe(Il),q production rate Py, production rate

pH Pini(mM) rate(uM/d) Std. E R? Fit for period (day) rate(uM/d) Std. E R? Fit for period (day)
6 0 83.0 7.5 0.976 0-6

6 1 40.6 6.2 0.935 0-6 12.6 1.7 0.941 5-15
6 2.5 85.6 11.6 0.965 0-4 -0.2 9.0 0.895 5-15
6 5 60.4 25.2 0.852 0-4* 27.7 2.0 0.984 5-15
7 0 83.0 7.5 0.976 0-6

7 1 14.5 2.9 0.896 0-10
7 2.5 28.4 2.2 0.983 0-10
7 5 33.3 5.9 0.914 0-10
8 0

8 1 19.5 1.8 0.992 0-6
8 2.5 17.0 2.3 0.964 0-6
8 5 55.7 14.5 0.881 0-6

" the first data point removed since it is an outliner.

underestimation of the reactive interface in the study by Pankow and
Morgan, [20], who only considered the surface area of a pressed pellet
and not the surface of individual particles inside the pellet, but this
cannot explain several orders of magnitude discrepancy. After 3 days of
reaction, the pace of FeS dissolution in control experiments slows down
and, once vivianite formation is initiated, the progress of FeS dissolution
cannot be calculated any more based on Fe(Il),q trends in P containing
experiments. However, FeS dissolution rates can be deduced from the
rates of Py, production assuming that Py, increase can be exclusively
attributed to vivianite formation and is mostly coupled to the con-
sumption of P,q and not on the expense of P adsorbed onto FeS. Calcu-
lating the rates based on the change in Pg, concentration in the period
7-15 days, when Fe(II),q concentrations are steady, yields and average
rate of 23 pM d~1 (Table 2). This value is in accordance with the rates of
Fe(Il)yq production in the control experiments during this period
(around 40 uM d 1) when taking into consideration the stoichiometry of
vivianite. Hence, once initiated, vivianite growth follows the progress of
FeS dissolution in the first 10--15 days of the experiment and no in-
dications for a dependency of the rates of FeS dissolution on the presence
of P are given. Note, as sulfide is disappearing from reactor throughout
the experiment, the determined rates represent far-from-equilibrium
rates. The dissolution likely proceeds slower when dissolved sulfide
would accumulate in the solution and is not consumed. When extrapo-
lating the initial rates of FeS dissolution and in view of the extent of FeS
dissolution in the control experiment, all initially added FeS should be
transformed into vivianite in all P amended experiments. However, the
EXAFS-based LCF results suggested that only between 55 and 97% of the
total Fe (72% =+ 14%, n = 9) were transformed into vivianite (when
interpreting amorphous Fe(III)-phosphate as oxidation artifact of viv-
ianite), which also tentatively corresponds to estimations based on the
change in Pg, concentration, at the end of the experiment (Table S5).
This implies that the formation of vivianite with Fe from mackinawite
becomes impeded in the later stage of the experiment, as further dis-
cussed in the next section.

At pH 7, the initial rates of Fe(Il),q production in the control
experiment as well as the rates of Py, production are comparable to those
obtained at pH 6, implying that FeS dissolution rates are similar at these
two pH values. This is in line with the rate measurements of FeS solution
in buffered solutions around pH 6 and pH 7 [20]. However, in contrast to
pH 6, the systematic increase in Py, production rates with increasing Pip;
concentrations indicates that vivianite formation, and hence FeS disso-
lution, proceeds faster with increasing phosphate concentration. This
could be ascribed to ligand-promoted dissolution as reported for the
influence of P adsorption on the dissolution of Fe(IIl) hydr(oxides) at
low pH, when monodentate surface complexes of P prevail [46].
Conversely, arsenic adsorption onto FeS inhibits its transformation into
pyrite [47] but for arsenate the influence is more complex as it also
undergoes redox reactions with FeS. Nevertheless, in analogy to the
effect of arsenite on FeS transformation into pyrite vivianite formation
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by P could also be explained by its inhibitory effect on FeS aging (see
following section).

P-promoted formation of vivianite with Fe from mackinawite is
further corroborated by the results from experiments at pH 8. In the
control experiment, Fe(Il),q concentrations stay at very low levels and
no indications for FeS dissolution are given. Pankow and Morgan [20]
did not investigate FeS dissolution at pH values above 7.0. However, FeS
dissolution did not exhibited a strong pH-dependency between 4 - 7.
Hence, the non-appearance of FeS dissolution in control experiments is
surprising. We hypothesis that the absence of Fe(II),q production at pH 8
can be caused by a pH dependence of FeS aging. That is, FeS aging might
be proceeding faster at pH 8 than at lower pH values, leading to the
formation of a more stable sulfide phase, which dissolves in a much
lower pace. Despite absence FeS dissolution in the control experiments,
considerable amounts of vivianite are formed. When attributing lack of
FeS dissolution due to aging, the enhancing effect of Pjy; on vivianite
formation can be ascribed to its inhibitory effect on FeS aging. In
contrast to lower pH values, Fe(Il),q concentrations after 7 d reaction
time are higher at higher Piy levels. Formation of aqueous Fe2t-P
complexes can account for the increase in Fe(I),q concentrations with
increasing Pjy;. Based on equilibrium calculations, however, the fraction
of aqueous Fe?*-P complexes, at given Fe(I),q and total P concentration,
only marginally increases from pH 6 to pH 8. Therefore, it appears un-
likely that pH dependency on Fe speciation explains the changing trend
in Fe(Il);q concentration as a function of Pj,; with increasing pH.
Consequently, it is more likely that the presence of P at pH 8 increases
the mobilization of Fe from FeS by retarding its aging and, by this,
facilitating Fe mobilization and, consequently, vivianite formation.

4.3. Limitations of vivianite formation due to FeS aging

Incomplete formation of vivianite with Fe from mackinawite over
the duration of the experiment can be explained by aging of the freshly
precipitated FeS. Aging of freshly precipitated FeS at room temperature,
under strict anaerobic conditions and in the presence of excess HjS,
leads to the formation of crystalline FeS within the time scale of weeks
and months [48,49]. However, in the absence of excess HyS and in the
presence of small amounts of oxygen or sulfur, greigite, pyrite and
elemental sulfur are also formed. Despite all precautions, we cannot
exclude the invasion of some oxygen into the sampling bottles during
sampling of the experimental suspensions, implying that FeS trans-
formation could be partially triggered by oxidation. Oxidation, could
also partially explain the decrease in Fe(II),q concentrations in control
experiments at pH 7 between 5 and 20 days reaction time. However,
dedicated analyses to determine the fraction of solid-bound Fe(III) at the
end of the experiment revealed, that the fraction of Fe(IIl) was, with the
exception of control experiments at pH 6, below 10% (Table S4). The Fe
(III) contents were generally higher than expected based on residual
dissolved oxygen concentrations after Ny purging, as stated by Butler
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et al. [24] (less than 0.3% of total Fe). This indicates that oxygen
intrusion during sampling was the dominant source of oxidation arti-
facts. Presence of greigite or pyrite could not be inferred based on the
XRD analyses but some greigite was found in the pH 6 sample prepared
for Mossbauer analysis. Furthermore, the appearance of platy particles
in the TEM micrographs of control samples also point towards the
presence of greigite. Consequently, crystallization of amorphous FeS and
possibly some greigite is presumable the main process competing with
vivianite precipitation and leading to incomplete transformation into
vivianite over the duration of the experiments.

The effect of P on FeS aging and its pH dependency can explain the
lower extent of vivianite formation at pH 8 compared to the other pH
values. Faster aging of amorphous FeS at pH 8 can be possibly ascribed
to the speciation of dissolved S(-II): supersaturation with respect to
crystalline FeS requires lower levels of dissolved S(-II) at pH 8 than at
lower pH values. The dependency of vivianite formation on Pj,; can be
correspondingly explained by the retardation of FeS aging by P
adsorption. FeS transformation was found to be slowed down in the
presence of arsenic [50]. Analogically, it is therefore possible that P
adsorption also reduces the aging process of FeS. This is supported by
TEM analysis, as the sheet-like structure of amorphous FeS appears to be
better preserved in the presence of P, in particular at pH 8. Higher
adsorption of P on FeS with increasing Pyy; is reflected in increasing P/Fe
ratios in the solids with increasing Pjy;, at the beginning of the experi-
ment with little or no vivianite formation (Fig. 7).

4.4. Implications

Unambiguous identification of vivianite in aquatic sediments is often
challenging as vivianite often only comprises a small part of the sedi-
mentary Fe and P pools. Frequently applied sequential extraction
schemes for Fe and P do not specifically target vivianite and detection of
vivianite often requires specific approaches such as spectroscopic tech-
niques or density separation [3]. The latter implies that vivianite is
usually only found when specifically looked for. Vivianite is generally
not expected in sulfidic environments and anoxic marine sediments in
general, due to the high sulfate concentrations in sea water. Further-
more, authigenic apatite formation, considered the most important
authigenic P mineral in marine sediments [51], can constrain the
availability of P for vivianite formation. Nevertheless, formation of
vivianite can be favored in organic-rich sediments below the sulfate /
methane transition zone when the produced S(-II) becomes precipitated
[9,45,52]. Egger et al. [8] concluded for sediments in the Bothnian Sea
that Fe(II) required for vivianite precipitation is produced by anoxic
methane oxidation coupled to iron reduction. Our study indicates that
also mackinawite dissolution can provide the required Fe(II) for viv-
ianite precipitation in a setting where S(-II) production is limited and S
(-I) is removed by transport or reactions, such as oxidation. Taking this
pathway into account might open new perspectives for investigating the
role of vivianite for P burial in aquatic sediments, which has not been
considered so far. Aging of mackinawite, however, can obstruct the
transformation into vivianite by leading to slower dissolution rates.
Here, we obtained indications that P adsorption can inhibit the aging but
it might be possible that adsorption or co-precipitation of other con-
stituents, e.g. organic matter and calcium as reported for the aging of P
containing Fe(IIl) precipitates [53], can also retard or inhibit FeS aging.
To our knowledge, the effect of organic matter or electrolyte composi-
tion on FeS aging has not been systematically investigated but might be
key in assessing the importance of FeS to vivianite formation in natural,
aquatic sediments. Beyond phosphate burial in aquatic sediments, viv-
ianite from FeS could also hold implications in engineering applications.
Iron addition is frequently applied for sulfide control in sewers and di-
gesters. The formed FeS could then form an iron source for vivianite
formation when sulfide levels decrease and phosphate concentrations
increase due to progressive mineralization of organic matter. Vivianite
has been identified as a major P precipitate in sewage treatment plants
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Fig. 7. Time evolution of P/Fe ratio in solids obtained with different initial P
loading: a) pH 6, b) pH 7 and c) pH 8. The values were calculated based on the
average contents obtained from duplicate experiments. The shaded area rep-
resents the minimum/maximum values for duplicates.

and can be easily recovered using magnetic methods [54].
5. Conclusion

This study provides experimental evidence that amorphous FeS can
be an effective Fe source for authigenic vivianite formation. The trans-
formation proceeds via a dissolution- precipitation mechanism. Once
moderate supersaturation is reached, the Fe supply via FeS dissolution is
the rate limiting step. Aging of amorphous FeS that leads to the forma-
tion of more crystalline mackinawite or possibly other crystalline Fe
sulfides can compete with vivianite formation. That is because the
transformation products limit Fe(II),q levels due to their higher ther-
modynamic stability and/or lower dissolution rates in case that vivianite
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formation is thermodynamically still feasible. This implies that authi-
genic vivianite formation can be fueled by the dissolution of amorphous
FeS in aquatic sediments and represents a pathway for P burial in sed-
iments, in which vivianite is usually not considered.
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