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ABSTRACT

Iron(III)-precipitates formed by Fe(II) oxidation in aqueous solutions affect the cycling and
impact of Fe and other co-precipitated elements in environmental systems. Fresh Fe(IlI)-
precipitates are metastable and their transformation into more stable phases during aging may
result in the release of initially co-precipitated ions. Phosphate, silicate, Mg and Ca play key
roles in determining the structure and composition of fresh Fe(III)-precipitates. Here we examine
how these ions affect the structure and phosphate retention of Fe(Ill)-precipitates formed by
oxidation of 0.5 mM dissolved Fe(Il) at pH 7.0 after aging for 30 days at 40 °C.

Iron K-edge X-ray absorption spectroscopy (XAS) shows that aged precipitates consist of
the same structural units as fresh precipitates: Amorphous Fe(Ill)- or Ca-Fe(Ill)-phosphate,
ferrihydrite, and poorly crystalline lepidocrocite. Mg, Ca, and dissolved phosphate stabilize (Ca-
)Fe(1II)-phosphate against transformation into ferrihydrite. Silicate further attenuates (Ca-
)Fe(I1II)-phosphate transformation. The crystallinity of lepidocrocite formed in phosphate- and
silicate-free solutions slightly increases during aging. The transformation of Fe(Ill)- and Ca-
Fe(IlI)-phosphate into ferrihydrite and ongoing ferrihydrite crystallization during aging results in
the release of co-precipitated phosphate. Dissolved Ca on the other hand limits phosphate
concentrations to values consistent with the formation of octacalciumphosphate. Owing to the
combined effects of Ca and silicate, phosphate is most effectively retained by Fe(III)-precipitates
formed and aged in Ca- and silicate-containing solutions. The results from this study contribute
to an improved understanding of the formation and transformation of Fe(Ill)-precipitates and
emphasize that the complexity of Fe(Ill)-precipitate dynamics in the presence of multiple
interfering solutes must be considered when addressing their impact on major and trace elements

in environmental systems.



1. INTRODUCTION

The oxidation of dissolved ferrous iron in aqueous solutions leads to the formation of
amorphous to poorly crystalline ferric Fe(IlI)-precipitates with a very high sorption capacity for
a wide range of major and trace elements. Iron oxidation and precipitation occur ubiquitously in
natural and engineered systems and critically affect the biogeochemical cycling of Fe and other
elements, including contaminants and nutrients (Stumm and Sulzberger, 1992; Borch et al.,
2010; Taylor and Konhauser, 2011; Senn et al., 2015). Phosphate uptake by Fe(IlI)-precipitates,
for example, has been extensively studied with respect to phosphate dynamics in eutrophic
aquatic systems or phosphate removal in wastewater treatment (Tessenow, 1974; Buffle et al.,
1989; Frossard et al., 1997; Mayer and Jarrell, 2000; Gunnars et al., 2002; Griffioen, 2006; Mao
et al., 2012; Baken et al., 2015; Baken et al., 2016). Freshly formed Fe(Ill)-precipitates are
metastable and may transform into thermodynamically more stable phases over time, potentially
resulting in the release of initially co-precipitated elements such as P or As (Fuller et al., 1993b;
Mayer and Jarrell, 2000)

Among the common inorganic solutes in near-neutral freshwaters, phosphate, silicate and
Ca play key roles in determining the structure and composition of fresh Fe(IIl)-precipitates
(Buffle et al., 1989; Rose et al., 1996; Doelsch et al., 2000; Gunnars et al., 2002; Kaegi et al.,
2010; Voegelin et al., 2010; Cismasu et al., 2014; van Genuchten et al., 2014a; van Genuchten et
al., 2014b; Senn et al., 2015). In phosphate-containing solutions, Fe(II) oxidation leads to the
formation of amorphous Fe(Ill)-phosphate (Tessenow, 1974; Chatellier et al., 2013; Voegelin et
al., 2013). The presence of Ca in addition to phosphate leads to the precipitation of amorphous
Ca-Fe(Ill)-phosphate with enhanced degree of Fe(Ill)-polymerization and higher phosphate
uptake capacity compared to Ca-free Fe(Ill)-phosphate, due to the formation of Ca-Fe(IIl)-

phosphate and Ca-phosphate polymers in addition to Fe(Ill)-phosphate polymers (Senn et al.,



2015). (Note: in this manuscript, we use the term Fe(III)-phosphate explicitly for Ca-free Fe(Ill)-
phosphate, the term Ca-Fe(Ill)-phosphate for Ca-containing Fe(III)-phosphate, and the term (Ca-
)Fe(IIl)-phosphate to refer to both.) In phosphate-free solutions, poorly crystalline lepidocrocite
forms in the absence of silicate, and silicate-containing ferrihydrite-type precipitates at
sufficiently high silicate concentrations (Schwertmann et al., 1984; Voegelin et al., 2010; van
Genuchten et al., 2014b; Senn et al., 2015). At initial dissolved P/Fe ratios below a critical
threshold, the initial formation of amorphous (Ca-)Fe(Ill)-phosphate leads to the depletion of
dissolved phosphate and the subsequent formation of poorly crystalline lepidocrocite or a
ferrihydrite-type Fe(Ill)-precipitate, depending on the dissolved silicate/Fe(II) ratio (Voegelin et
al., 2010; van der Grift et al., 2016).

The aging of amorphous (Ca-)Fe(Ill)-phosphate may lead to its transformation into
crystalline (Ca)-Fe(III)-phosphates, as observed for amorphous Fe(Ill)-arsenate and Ca-Fe(Ill)-
arsenate (Paktunc et al., 2008; Paktunc et al., 2015). Continuing Fe(IIl) polymerization can also
drive the transformation of amorphous (Ca-)Fe(III)-phosphate or -arsenate into ferrihydrite-type
precipitates with lower oxyanion uptake capacity, resulting in the concomitant re-solubilization
of phosphate or arsenate (McLaughlin and Syers, 1978; Waychunas et al., 1993; Mayer and
Jarrell, 2000; Voegelin et al., 2013). The crystallization and transformation of ferrihydrite-type
precipitates further reduces their oxyanion sorption capacity (Gerke, 1993; Rea et al., 1994;
Majzlan et al., 2007). Ultimately, ferrihydrite-type precipitates can transform into crystalline
Fe(I1I)-(hydr)oxides such as lepidocrocite, goethite, or hematite (Ford, 2002; Cornell and
Schwertmann, 2003; Violante et al., 2007), and lepidocrocite can transform into its more stable
polymorph goethite (Schwertmann and Taylor, 1972a; Schwertmann and Taylor, 1972b). Co-
precipitated oxyanions like silicate, phosphate, or arsenate are not only subject to re-

solubilization during precipitate aging, but can also inhibit the polymerization and crystallization



process (Vempati and Loeppert, 1989; Galvez et al., 1999; Ford, 2002) and thereby also affect
the release of co-precipitated ions. For example, Fe(III)-precipitates formed in silicate-containing
electrolyte have been shown to retain co-precipitated phosphate more effectively than
precipitates formed in silicate-free electrolyte (Mayer and Jarrell, 2000).

To date, laboratory studies on the aging of metastable Fe(IlI)-precipitates mainly addressed
the transformation of synthetic ferrihydrite or amorphous Fe(I1I)-phosphate and Fe(Ill)-arsenate
formed from Fe(IIl) (McLaughlin and Syers, 1978; Waychunas et al., 1993; Ford, 2002; Cornell
and Schwertmann, 2003; Violante et al., 2007; Paktunc et al., 2008; Paktunc et al., 2015). In
contrast, the aging of Fe(Ill)-precipitates formed by the oxidation of dissolved Fe(Il) in
bicarbonate-buffered solutions at near-neutral pH, i.e., of precipitates formed under conditions
representative for many terrestrial and aquatic systems, has received little attention to date. The
only study on this topic we are aware of only examined changes in precipitate composition
(rather than structure) for a limited set of treatments (Mayer and Jarrell, 2000). Consequently, a
comprehensive understanding of the effects of aging on the coupled structural and compositional
transformation of Fe(IIl)-precipitates formed by Fe(II) oxidation in near-neutral waters and their
impacts on water chemistry is still lacking to date.

In recent work, we investigated the composition and structure of fresh precipitates formed
by Fe(II) oxidation in bicarbonate-buffered solutions at near-neutral pH using an extensive multi-
factorial experimental approach to assess the individual and interdependent effects of phosphate,
silicate and Ca (Senn et al., 2015). In combination with an earlier time-resolved study (Voegelin
et al., 2013), the results revealed how phosphate, silicate and Ca affect precipitate formation, and
also showed that — within 4-hours reaction time — precipitate transformation processes already
started during Fe(II) oxidation and further structural and compositional precipitate

transformation immediately continued after complete Fe(II) oxidation.



This study extends our previous work on fresh Fe(Ill)-precipitates (Senn et al., 2015) by
examining changes in the composition and structure of the same set of Fe(IlI)-precipitates after
aging for 30 d at 40 °C in their synthesis solution. Structural and compositional changes from
fresh to aged precipitates and concomitant changes in dissolved phosphate concentrations are
interpreted with respect to precipitate type and solution chemistry, with special emphasis on the

interdependent effects of phosphate and Ca in the absence or presence of silicate.

2. MATERIALS AND METHODS

2.1. Synthesis of iron precipitates in different background electrolytes

The Fe(III)-precipitation experiments were carried out in analogy to previous work (Roberts
et al., 2004; Kaegi et al., 2010; Voegelin et al., 2010; Voegelin et al., 2013; Senn et al., 2015)
using the same experimental conditions as described in Senn et al. (2015) (summarized in Table
EAT). The aging experiments were performed at an initial pH of 7.0 in six different background
electrolytes (Na, Ca, low Ca, Mg, Na+Si and Ca+Si) by the oxidation of 0.5 mM Fe(Il) at initial

molar phosphate/Fe(Il) ratios ((P/Fe). ) ranging from O to 2. For experiments in Na background

electrolyte, 8 mM NaHCO, were dissolved in high-purity doubly deionized (DDI) water (18.2 M
cm, Milli-Q” Element, Millipore) purged with CO, gas. Subsequently, the pH was raised to 7.0
(£0.1) by purging with pressurized air. The Ca background electrolyte was prepared by adding 4
mM CaCO, to a solution purged with CO, gas. After purging, the calcite was dissolved
overnight, resulting in a clear solution with a pH of 5-6. The clear solution was purged with
pressurized air until the pH was 7.0 (£0.1). Analogously, to the Ca electrolyte, low Ca
background electrolyte was prepared from 0.5 mM CaCO, and 7 mM NaHCO,, and Mg

electrolyte from 4 mM MgO. The silicate-containing electrolytes Na+Si and Ca+Si were

prepared by adding 0.5 mM silicate from an alkaline stock solution (100 mM Si from



Na,Si0,.9H,0, prepared daily) to the slightly acidic Na and Ca electrolytes after CO, purging
before raising the pH to 7.0 in order to minimize the formation of silicate polymers (Roberts et
al., 2004). According to thermodynamic model calculations, the background electrolytes adjusted
to pH 7.0 were in equilibrium with ~38 mbar CO, and contained ~9.5 mM dissolved inorganic
carbon. To all electrolytes, 7 uM arsenate (0.014 As(V)/Fe) was spiked from a neutral stock
solution (13.35 mM As(V) from Na,HAsO,-7H,O) after adjusting the pH to 7.0 to study the co-
transformation of As(V) during precipitate formation and aging (results to be published
separately).

The synthesis of Fe(Ill)-precipitates was performed with 200 mL of pH-adjusted
background electrolyte in 250 mL polypropylene (PP) bottles. Phosphate was spiked using a pH-
neutral stock solution (50 mM NaH,PO,-H,O). Subsequently, Fe oxidation and precipitation was
initiated by adding 0.5 mM Fe(II) from an acidic stock solution (50 mM FeSO,-7H,O, 1 mM
HCI, prepared freshly every day). After agitation to ensure rapid mixing, samples of the
unfiltered suspensions were collected and acidified to 0.65% HNO, (Merck, suprapure) for the
analysis of total initial concentrations of Fe, P, Si, Na, Ca and Mg. The bottles were closed and
left for 4 h, with half-hourly remixing by turning the bottles upside down several times. After
this time, Fe was nearly completely (>99%) oxidized. The composition and structure of fresh
Fe(IlI)-precipitates collected after 4 hours reaction time have been discussed in detail in Senn et
al. (2015).

The fresh precipitate suspensions in the closed PP bottles were transferred into an oven and
aged for 30 d at a constant temperature of 40 °C. Once every week, the bottles were turned
upside down several times. Before sampling, the settled precipitates were again re-suspended by
gentle shaking. The final pH after 30 d reaction time was measured in unfiltered suspension

aliquots. Samples for determination of Fe, P, Si, Na, Ca and Mg concentrations in unfiltered



suspensions and filtered solutions (0.1 pum cellulose nitrate) were collected and acidified to
0.65% HNO, (Merck, suprapure). This acidification was sufficient to achieve complete
dissolution of precipitates in the unfiltered suspensions within a few hours. For transmission
electron microscopy (TEM), precipitates were collected on TEM grids (Lacey-carbon Cu,
Okenshoji Co. LTD, Japan) by depositing 20 uL of suspension on the grid and using a paper
tissue to draw the solution through the grid. The grids were immediately immersed in DDI water
to remove soluble salts and subsequently dried in a desiccator. Precipitate samples for analysis
by X-ray absorption spectroscopy (XAS) were collected by filtration of the remaining suspension
volume through cellulose nitrate filters (0.1 um). The filters were washed by passing 20 mL of
DDI water and dried under a stream of dry air. Precipitate powders and TEM grids were stored in
a desiccator until analysis. In this manuscript, labels for individual treatments are composed of

the respective background electrolyte and the (P/Fe). . (e.g., Na 0.05 for experiments performed

init

in Na electrolyte at (P/Fe). . of 0.05).

To assess the effect of 0.014 As(V)/Fe in the multifactorial experiment on the structure of
fresh and aged Fe(III)-precipitates formed in the phosphate- and silicate-free Na, Mg, low Ca and

Ca electrolytes, these precipitates were also synthesized in the absence of arsenate.

2.2. ICP-MS analyses
Acidified unfiltered and filtered samples were diluted with aqueous 0.65% HNO, solution as
required for the analysis of Fe, P, Si, Na, Ca and Mg by inductively coupled plasma mass

Fe )

ppt’ ppt

spectrometry (ICP-MS; Agilent 7500ce). The amounts of P and Fe in the precipitates (P
were calculated from their total concentration in the initial solution and their dissolved
concentration in the final filtered suspension. In general, the P concentrations measured in

filtered samples (P, ) were assumed to correspond to dissolved concentrations (P_ ). As for the

filt soln

fresh precipitate suspensions (Senn et al., 2015), however, elevated Fe concentrations in some of



the filtered aged Na and Na+Si suspensions (Fe_ ) pointed to the presence of colloidal Fe that

filt
was not completely retained on the filter membranes. Therefore, the dissolved P concentrations
in the aged Na and Na+Si electrolyte suspensions were calculated from the concentrations of Fe

and P in the filtered suspensions assuming that Fe_  corresponded to colloidal Fe with a P/Fe

filt
ratio equal to the P/Fe ratio of the Fe(Ill)-precipitate retained on the filter membrane. In general,
this correction was small (<10% of P, in colloidal form), except for the treatments Na+Si 0.50

and Na+Si 0.94, with 27% and 29% of P, in colloidal form.

filt

2.3. X-ray absorption spectroscopy

For Fe K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy in
transmission mode, the dried precipitate samples (~10 mg) were mixed with cellulose (~140 mg)
and pressed into 13-mm diameter pellets as described in Senn et al. (2015). The samples were
measured at the XAS beamline at the Angstromquelle Karlsruhe (ANKA, Eggenstein-
Leopoldshafen, Germany) and at the Swiss Norwegian Beamline (SNBL) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) at room temperature with the same
settings as described in Senn et al. (2015). For the extraction of the sample spectra and for their
analysis by linear combination fitting (LCF; k-range 2-11 A™), the software code Athena was
used (Ravel and Newville, 2005). For principal component analysis (PCA) of sets of sample
spectra and target testing (TT) of reference spectra (Isaure et al., 2002; Manceau et al., 2002),
software from beamline 10.3.2 at the Advanced Light Source (ALS, Berkely, USA) was used
(Marcus et al., 2004). For LCF analysis, reference spectra of representative structural/spectral
endmembers were derived from the spectra of selected precipitates as described in detail in
section 3.2.1. In addition, the spectra of two synthetic ferrihydrite-type precipitates, Fh and HFO,
were used for LCF analysis that have been described previously (Voegelin et al., 2010; Voegelin

et al., 2013; Senn et al., 2015). The Fh reference corresponds to 2-line ferrihydrite synthesized



according to a standard protocol, the HFO reference represents a silicate-containing ferrihydrite-
type precipitate (Si/Fe ~0.56) that was synthesized by forced Fe(IIl) hydrolysis in the presence of
silicate. Compared to Fh, the HFO exhibits a similar degree of edge-sharing linkage of Fe(Ill)-
octahedra, but reduced corner-sharing linkage. For the analysis of spectra from a specific
electrolyte by LCF, the two (Na+Si and Ca+Si electrolytes) or three (Na, low Ca, Mg and Ca
electrolytes) relevant reference spectra were considered. Starting with the best one-component
fit, the number of components n was increased as long as the normalized sum of squared
residuals (NSSR = ¢(data, — fiti)z/-dataf) of the best n+1-component fit was at least 10% (relative)
lower than the NSSR of the best n-component fit. Individual fractions were constrained to
positive values but the sum of all fractions was not constrained. For data interpretation, however,

the LCF-derived fractions were normalized to a sum of unity.

2.4. Electron microscopy

Scanning transmission electron microscope (STEM) analyses were performed on a STEM
(HD2700Cs, Hitachi, Japan) operated at 200 kV. Electron microscopy (EM) images were
collected using a secondary electron (SE) detector and a high-angle annular dark field (HAADF)
detector. Elemental analysis, including elemental distribution maps, were acquired with
DigitalMicrograph (V.1.82, Gatan Inc., CA, USA) using an EDX detector (EDAX, NJ, USA).

Signal processing was done using DigitalMicrograph.

2.5. Thermodynamic calculations
Thermodynamic calculations of saturation indices were performed with PHREEEQC using
the MinteqA2 V4 database (Parkhurst and Appelo, 1999), complemented with an alternative

solubility product of octacalciumphosphate from Tung et al. (1988) (pK = 48.4+0.1 at 23.5 °C).

3. RESULTS

10



3.1. pH and total Ca, P and Fe concentrations of aged suspensions

After the formation of the fresh precipitates (4 h reaction time), the pH of the suspensions
corresponded to initial values of pH 7.0+0.1, and total element concentrations deviated less than
5% from their initial values (Senn et al., 2015). During the 30 days aging period, the pH of the
suspensions increased to pH 7.9+0.3 (n=104) (Fig. EA1), probably due to the outgassing of CO,.

In the Ca and Ca+Si electrolytes at the lowest (P/Fe).

init?

the increase in pH was least pronounced,
due to the counteracting effect of Ca-carbonate precipitation, which can only proceed at low
phosphate concentrations (Plant and House, 2002). This interpretation was supported by the
recovery data for Ca (total Ca concentration in unfiltered suspension after aging divided by total
Ca concentration in unfiltered initial solution), which showed that up to 45% of the Ca was lost
from suspension at the lowest (P/Fe), . (Fig. EA2). Together with Ca, up to 20% of the total

phosphate at the lowest (P/Fe). . was lost from the suspension (Fig. EA2), most probably due to

init

co-precipitation with Ca-carbonate (Plant and House, 2002) on the walls of the PP bottles. At the

highest (P/Fe).

init?

on the other hand, the loss of up to 10% of the Ca and up to 28% of the
phosphate from the aged Ca and Ca+Si suspensions (Fig. EA2) was probably due to the
formation of Ca-phosphate on the walls of the bottles. The postulated formation of Ca-carbonate

at the lowest (P/Fe).

.. and of Ca-phosphate at the highest (P/Fe), . was supported by the XRD

patterns of the precipitates Ca O A and Ca 1.55 A, which revealed minor peaks of calcite and
apatite (HAP), respectively (Fig. EA10). For the precipitate formed in phosphate-free Ca+Si
electrolyte, on the other hand, Ca K-edge XANES spectroscopy pointed to the formation of
aragonite rather than calcite (not shown), probably due to the stabilizing effect of silicate on
aragonite that slows down its transformation into calcite (Kellermeier et al., 2013).

In the silicate-containing electrolytes, Fe remained nearly completely recoverable after

aging (recovery >96% for 90% of the samples; Fig. EA2). The negligible loss of Fe(IIl)-

11



precipitates most probably reflected their colloidal stabilization by sorbed silicate (Mayer and

Jarrell, 1996) as well as by phosphate at high (P/Fe). . noting that high phosphate levels also

init?

stabilized Fe(Ill)-precipitates in the silicate-free electrolytes. Only at low (P/Fe). . in silicate-free

electrolytes, losses of up to ~10% of the total Fe were observed (35% in low Ca electrolyte at
(P/Fe), , of 0). Since poorly-crystalline lepidocrocite was the dominant precipitate in these latter
treatments, the Fe losses are attributed to the attachment of weakly-charged lepidocrocite (point
of zero charge ~6.7-7.5; (Cornell and Schwertmann, 2003)) to the walls of the PP bottles. In
general, however, the recovery data showed that the solids isolated from the aged suspensions by
filtration for analysis by XAS, TEM and XRD were representative for the aged Fe(IIl)-
precipitates.

The results from additional aging experiments conducted under the same or comparable
conditions indicated that, in general, the experiments were reproducible with respect to dissolved
phosphate concentration after aging (Fig. EA3). The reproducibility of the observed effects was
also indicated by the consistent trends in solid phase speciation and dissolved phosphate

concentrations as a function of (P/Fe), , in individual electrolytes as well as between electrolytes

(see sections 3.2 and 3.3).

3.2. Fe(IIl)-precipitate characterization by Fe K-edge EXAFS spectroscopy

All aged precipitates were characterized with Fe K-edge EXAFS spectroscopy (Fig. EAS).
In Fig. 1, the spectra of selected precipitates aged in the Na and Ca+Si electrolytes are compared
to spectra of the respective fresh precipitates. Visual comparison and difference spectra reveal
that significant structural changes occurred during the aging of precipitates formed in the Na
electrolyte up to a (P/Fe),, of ~0.75. In contrast, the spectra of samples formed in the Ca+Si

electrolyte suggested that no detectable changes in Fe coordination occurred during aging. To

12



gain more quantitative insight into the structure of the aged precipitates and into structural

changes during aging, the spectra of all aged precipitates were analyzed by LCF.

3.2.1. Reference spectra for LCF analysis of Fe K-edge EXAFS spectra

Evaluation of the Fe K-edge EXAFS spectra of the 72 aged precipitates by principal
component analysis (PCA) suggested that the first four PCA-components represented the
dominant spectral features (Fig. EA4a), as previously found for the 72 spectra of fresh
precipitates (Senn et al., 2015). Target testing showed that the first four PCA-components
derived from the spectra of the fresh precipitates could be adequately reproduced by the first four
PCA-components derived from the spectra of the aged precipitates (Fig. EA4b). This suggested
that the spectra of the aged precipitates could be described with similar spectral components as
the fresh precipitates.

For the fresh precipitates, we derived four spectra from the 72 sample spectra that
represented distinct structural endmembers. We then combined these “endmember spectra” with
one independent reference spectrum to analyze all sample spectra by LCF (Senn et al., 2015).
Briefly, the four endmember spectra and the independent reference spectrum can be described as
follows: (1) FeP*: amorphous Fe(Ill)-phosphate; average of the spectra of precipitates formed at
the highest (P/Fe),, (1.5 and 2) in the Na and Na+Si electrolytes; also representing Fe(III)-
phosphate formed in Mg electrolyte. (2) CaFeP*: amorphous Ca-Fe(III)-phosphate (containing
structural Ca and with higher P/Fe ratio and higher degree of Fe-Fe linkage than FeP*); average

of the spectra of precipitates formed at the highest (P/Fe). . (1.5 and 2) in the Ca and Ca+Si

electrolytes. (3) Fh-Si*: silicate-containing ferrihydrite; average of the spectra of the precipitates
formed in the Na+Si and Ca+Si electrolytes in the absence of phosphate. (4) pcLp*: poorly

crystalline lepidocrocite; average of the spectra of the precipitates formed in the silicate-free Na,

Ca, low Ca and Mg electrolytes in the absence of phosphate. (5) HFO: reference spectrum of

13



ferrihydrite-type hydrous ferric oxide with lower degree of corner-sharing Fe-Fe linkage than in
2-line ferrihydrite; used to represent the transformation product of (Ca-)Fe(Ill)-phosphate in the
silicate-free electrolytes. In addition, the spectrum lowCaFeP* (amorphous Ca-Fe(III)-phosphate
formed at (P/Fe),, of 1.5 and 2 in the low Ca electrolyte) was used in the LCF analysis of spectra
from the low Ca electrolyte. However, this spectrum did not represent an independent spectral
component as it could be described as a linear combination of the spectra FeP* and CaFeP*
(Senn et al.,, 2015). Although visual examination of the PCA-components provided only
evidence for four major spectral components in the dataset, five different spectra (without
lowCaFeP*) were used to describe the experimental spectra. This apparent discrepancy can be
attributed to the relatively small differences between the spectra FeP* and CaFeP* and between
the spectra Fh-Si* and HFO (Fig. 2) and to the fact that the different references consist of similar
basic structural units. The four spectral components derived from PCA may thus rather represent
the main structural variations that define the different precipitate fractions (extent of distortion in
FeO,-octahedra and of second-shell Fe coordination with edge- and corner-sharing Fe and with
P) than the individual precipitate types.

The analogous set of endmember spectra as previously derived from the spectra of fresh
precipitates (Senn et al., 2015) were derived from the spectra of the aged precipitates (Fig. EAS).
In Fig. 2, the endmember spectra derived from aged samples (FeP*a, CaFeP*a, lowCaFeP*a, Fh-
Si*a, and pcLp*a) are compared to the endmember spectra derived from fresh precipitates (FeP*,
CaFeP*, lowCaFeP*, Fh-Si*, and pcLp*).

The spectra of fresh and aged FeP, CaFeP, lowCaFeP, and Fh-Si are nearly identical,
showing that the aging of these structural endmembers did not induce marked changes in local
Fe coordination. In contrast, the spectrum of aged poorly-crystalline lepidocrocite (pcLp*a)

derived from the precipitates aged in the silicate-free background electrolytes in the absence of

14



phosphate exhibited a higher second-shell amplitude than the spectrum of freshly precipitated
poorly crystalline Lp (pcLp*) (Fig. 2), pointing to an increase in the order of local Fe
coordination during aging. Comparison of the Fourier-transformed EXAFS spectrum pcLp*a
with the spectrum of crystalline Lp showed that the amplitude of the second-shell of the
spectrum pcLp*a was nearly as high, but that the amplitudes of peaks at higher distances were
still significantly reduced (Fig. EA6), indicating that local Fe coordination in the aged poorly
crystalline Lp was still less ordered than in crystalline Lp. Analysis of the XRD patterns of the
fresh and aged precipitates Na O and Ca 0O using the Scherrer equation indicates an increase of the
coherently scattering domain size from ~2.3+0.1 nm (Senn et al., 2015) to ~2.9+0.1 nm (Fig.
EA10) perpendicular to the lepidocrocite sheets during aging. On the other hand, the results
show that also after aging, the poorly crystalline lepidocrocite still consisted of only few stacked
sheets.

For fresh precipitates formed in the silicate-containing Na+Si and Ca+Si electrolytes, we
previously showed that the two respective endmember spectra (Fh-Si* and FeP* for Na+Si
electrolyte; Fh-Si* and CaFeP* for Ca+Si electrolyte) were sufficient to describe all sample
spectra (Senn et al., 2015). The same was also true for the respective aged precipitates. In
contrast, for fresh precipitates formed in the silicate-free Na, low Ca, Mg and Ca electrolytes, we
previously found that a third reference spectrum in addition to the two endmembers of each
background electrolyte (pcLp* and FeP*, CaFeP* or lowCaFeP*) was required to reproduce the
sample spectra (Senn et al., 2015). This additional spectral component was best described by the
reference HFO, a silicate-containing ferrihydrite-type precipitate that represented the phosphate-
rich ferrihydrite-type precipitate formed by fast transformation of initially precipitated (Ca-
)Fe(IIl)-phosphate (Voegelin et al., 2013; Senn et al., 2015). Analogously, PCA of the spectra of

aged precipitates from the silicate-free Na electrolyte showed that, in addition to the two
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endmember spectra pcLp*a and FeP*, a third reference spectrum was required to reproduce all

sample spectra. LCF analysis of the 9 samples from the Na electrolyte formed at (P/Fe). . from

0.05 to 1.0 using either the spectrum of 2-line ferrihydrite (Fh), hydrous ferric oxide (HFO) or a
numerical 50/50 mixture of these two spectra (Fh/HFO) as third reference spectrum showed that
the use of Fh/HFO and the Fh spectrum lead to markedly better fits than the HFO spectrum
(Table EA2). Among the reference spectra Fh and Fh/HFO, the Fh spectrum returned slightly
better fits for the 3 samples with the highest ferrihydrite-type fraction, the Fh/HFO spectrum for
the 6 samples with lower ferrihydrite-type fractions (Table EA2). Whether Fh/HFO or Fh was
used as ferrihydrite-type reference spectrum did not markedly affect the fit results for pcLp*a,
but the use of the Fh/HFO spectrum for LCF resulted in higher ferrihydrite-type precipitate
fractions and lower FeP* fractions than the use of the Fh spectrum (Table EA2, Fig. EA7). As
we used the Fh/HFO spectrum for further data evaluation by LCF, it should thus be kept in mind
that the respective LCF results represent an upper estimate for the degree of Fe(Ill)- or Ca-
Fe(III)-phosphate transformation into a ferrihydrite-type phase during aging.

Based on the above considerations, the following six spectra were used for the interpretation
of the Fe K-edge EXAFS spectra of aged precipitates by LCF: FeP*, CaFeP*, lowCaFeP*, Fh-
Si*, pcLp*a and Fh/HFO. For each background electrolyte, only the two (electrolytes with Si) or

three (electrolytes without Si) relevant reference spectra were used for LCF analysis, as

summarized in Table EA3.

3.2.2. LCF analysis of Fe K-edge EXAFS spectra

In Fig. 3, the normalized LCF fractions for the aged precipitates are shown together with the
LCF results for fresh precipitates from Senn et al. (2015). The complete LCF results for the aged
samples are listed in Table EA4. As for the fresh precipitates, the results reveal a shift from

lepidocrocite (without silicate) or ferrihydrite (with silicate) in the phosphate-free treatments to
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Fe(III)-phosphate (without Ca) or Ca-Fe(Ill)-phosphate (with Ca) at the highest (P/Fe), of ~1.5
and ~2 (Fig. 3). To visualize structural changes induced by aging, the difference between the
LCF results for aged and fresh precipitates are displayed in the panels on the right of Fig. 3. The
difference graphs demonstrate that the largest structural changes occurred in the Na electrolyte at
intermediate (P/Fe),, and that no substantial changes occurred in the Ca+Si and Ca electrolyte, in
line with the comparison of the spectra of selected fresh and aged precipitates from the Na and
Ca+Si electrolytes in Fig. 1. The results for the Mg, low Ca and Na+Si electrolytes further
demonstrated that silicate as well as Ca or (to a lesser degree) Mg in suspension reduced the

extent of precipitate transformation during aging.

3.2.3. EXAFS analysis of fresh and aged precipitates formed in arsenate-free electrolytes

In the absence of interfering oxyanions other than bicarbonate, Fe(II) oxidation in
bicarbonate-buffered solutions at neutral pH has previously been shown to lead to the formation
of poorly crystalline lepidocrocite and a minor fraction of goethite (Schwertmann et al., 1984;
Voegelin et al., 2010; Voegelin et al., 2013). Dissolved phosphate at P/Fe ratios as low as 0.02-
0.03 on the other hand completely inhibits goethite formation in bicarbonate-buffered neutral
solutions (Cumplido et al., 2000; Voegelin et al., 2010). For fresh Fe(III)-precipitates from the
multifactorial experiment, Fe K-edge XAS and XRD results showed that no goethite was present
in precipitates formed in the phosphate- and silicate-free background electrolytes (Senn et al.,
2015). Based on the assumption that arsenate exhibits a similar influence on Fe(III)
polymerization as phosphate, the absence of goethite was attributed to the 0.014 As(V)/Fe (7 uM
As(V)) present in all suspensions from the multifactorial experiment (added to study As(V)
removal; results to be published separately).

To assess the effect of 0.014 As(V)/Fe on precipitate structure and transformation in the

multifactorial experiment, additional Fe(Ill)-precipitates formed in phosphate- and silicate-free
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Na, Ca, low Ca and Mg electrolytes without As(V) addition were analyzed by Fe K-edge
EXAFS spectroscopy (Fig. EA9). For the fresh As-free precipitates, LCF with the pcLp*
endmember and a goethite reference spectrum indicated the formation of a small fraction of
goethite in the Na, low Ca and Mg electrolytes (Fig. 4, Fig. EA9a; Table EA6), confirming that
the absence of a minor goethite fraction in the fresh Na 0, low Ca 0, Mg 0 and Ca 0 samples
from the multifactorial experiment was due to the presence of 0.014 As(V)/Fe in the suspensions
and that arsenate affected Fe(IlI) polymerization like similarly low levels of phosphate.

For the aged As-free precipitate formed in phosphate- and silicate-free Na electrolyte, LCF
analysis revealed that it consisted of ~78% goethite and only 22% poorly crystalline Lp
(represented by pcLp*a endmember spectrum). Thus, about 75% of the initially formed pcLp*
had transformed into goethite during precipitate aging (Fig. 4, Fig. EA9b, Table EA6). In
contrast, no goethite was detected by XRD in the aged precipitate Na O formed in the presence of
0.014 As(V)/Fe (Fig. EA10), showing that this As(V) level was sufficient to inhibit goethite
formation during aging.

Because low levels of arsenate were found to have a similar effect on Fe(III) polymerization
as phosphate and even the lowest studied (P/Fe),, ratio of 0.05 in the multifactorial experiment
was more than 3 times higher than the As(V)/Fe ratio of 0.014 and at least 1.6 times higher than
the P/Fe ratio required to inhibit goethite formation (Cumplido et al., 2000; Voegelin et al.,
2013), and because silicate at a (Si/Fe), . of 1.0 inhibited the formation of crystalline Fe(IIl)-
(hydr)oxide in the phosphate-free Na+Si and Ca+Si electrolytes, we concluded that the effect of
0.014 As(V)/Fe on precipitate structure was negligible in all treatments of the multifactorial
experiment except the four precipitates Na 0, low Ca 0. Mg 0 and Ca 0 formed in the absence of

phosphate and silicate.
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Remarkably, LCF analysis of the aged As-free precipitates formed in phosphate- and
silicate-free suspensions showed that the goethite fraction drastically decreased from the Na
(~78%) over the low Ca (~58%) and Mg (~23%) to the Ca electrolyte (~5%), suggesting that
also Ca and Mg in addition to phosphate and arsenate may interfere with the transformation from
lepidocrocite to goethite (Fig. 4, Fig. EA9, Table EA6). However, further experiments on this

effect were beyond the scope of this study.

3.3. EM analysis of Fe(IlI)-precipitates
Secondary electron (SE) images of fresh and aged precipitates formed at (P/Fe), . of 0, ~0.5
and ~2 in Na electrolyte are shown in Fig. 5a-f, additional high-angle annular dark field

(HAADF) and SE images for the aged precipitate formed at (P/Fe). . of ~0.5 in Fig. 5g-i. The

morphologies of the fresh precipitates indicated the formation of aggregates of lepidocrocite
platelets at a (P/Fe), , of 0 and of aggregates of spherical Fe(III)-phosphate particles with smooth
particle surfaces at a high (P/Fe), . of ~2, as observed in previous work (Kaegi et al., 2010;
Voegelin et al., 2013). Aging appeared to induce a slight coarsening of the lepidocrocite platelets
in the phosphate-free Na electrolyte (Fig. 5d versus Fig. 5a), qualitatively in line with the small
increase in sheet stacking observed by XRD (see section 3.2.1). For amorphous Fe(Ill)-
phosphate formed at (P/Fe), . ~2, the EM images did not reveal any apparent morphological
changes during aging (Fig. 5f versus Fig. 5c¢).

Marked morphological changes were observed for the precipitate formed at (P/Fe), . of ~0.5.
Whereas the fresh precipitate exhibited the morphology of amorphous Fe(Ill)-phosphate (Fig.
5b), the aged precipitate consisted of a mixture of thin lepidocrocite platelets and spherical
particles with rough surfaces, as revealed by the corresponding SE and HAADF images (Fig. Se

and Fig. 5h). In previous work, we observed that ferrihydrite crystallites formed by Fe(II)

oxidation in water aggregate into spherical nanoparticles with a rougher surface than spherical
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Fe(IlI)-phosphate nanoparticles (Kaegi et al., 2010). The morphological changes observed for the

precipitate formed at (P/Fe). . of ~0.5 in the Na electrolyte are thus in agreement with the XAS

results, which indicated that the precipitate transformed from an amorphous Fe(III)-phosphate to
83% Fh/HFO and 17% pcLp*a during aging (Fig. 3). Additional SE images with higher
resolution (Fig. 5g,1) suggested that the lepidocrocite platelets in the aged precipitate were

covered with Fh/HFO particles. The XRD pattern of an aged precipitate formed at (P/Fe). . of

0.52 did not show any lepidocrocite peaks (Fig. EA10), suggesting that the Lp platelets (which
accounted for only a small fraction of the total precipitate based on XAS; Fig. 3) were highly
disordered.

EM images of aged and fresh precipitates formed at (P/Fe) . of 0, ~0.5 and ~2 in Ca
electrolyte (Fig. EA12) revealed precipitate morphologies in line with XAS (Fig. 3) and XRD

(Fig. EA10) results and provided no evidence for changes in morphology during aging.

3.4. Dissolved phosphate in suspension
In Fig. 6 the absolute and relative dissolved concentrations of phosphate in the aged

suspensions are shown as a function of (P/Fe).. in comparison to the concentrations in the fresh

suspensions. For fresh precipitate suspensions, we have shown in our previous work (Senn et al.,
2015) that trends in dissolved phosphate as a function of (P/Fe), change around a critical
(P/Fe),, (referred to as (P/Fe)_,). For a specific electrolyte, this (P/Fe)_, represents the minimal

(P/Fe). . required for exclusive formation of amorphous Fe(Ill)- or Ca-Fe(Ill)-phosphate. At

init

(P/Fe).., < (P/Fe)_, low dissolved phosphate concentrations reflected effective removal of

phosphate by the fresh precipitates. At (P/Fe),, > (P/Fe)_, markedly increasing dissolved

init crit?

phosphate concentrations with increasing (P/Fe),  reflected that additional phosphate could not

be co-precipitated with Fe.
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In the aged Na, Mg, low Ca, and Na+Si suspensions, the concentrations of phosphate at

(P/Fe),, * 1 (i.e., > (P/Fe)_, in all electrolytes) closely matched the concentrations in the fresh

suspensions, suggesting that neither further phosphate precipitation nor phosphate re-
solubilization occurred to a substantial extent during aging. In the Ca and Ca+Si electrolytes, in
contrast, dissolved phosphate concentrations in suspensions with (P/Fe)  * 1 substantially
decreased during aging. Taking also the trends in total Ca and phosphate in suspension at high

(P/Fe). . and the XRD pattern of the sample Ca 1.55 A into account (section 3:.1), the decrease in

dissolved phosphate was attributed to the precipitation of Ca-phosphate (which mainly attached
to the walls of the reaction vessels). Thermodynamic calculations based on the dissolved
concentrations of phosphate and Ca and on solution pH in the aged Ca electrolyte with (P/Fe),
of 1.5 (section EA7) indicated that the solution was undersaturated with respect to brushite, but
around saturation with respect to octacalciumphosphate (OCP), which is a precursor in the
precipitation of hydroxyapatite (Feenstra and De Bruyn, 1979). In the aged low Ca electrolyte
suspensions, saturation with respect to OCP was only reached at (P/Fe),  of ~2, suggesting that
Ca-phosphate precipitation was negligible over most of the studied range in (P/Fe), ..

At a (P/Fe). . < ~0.75-1.0 in the Na, Mg, low Ca, and Ca electrolytes, an increase in the

dissolved phosphate fractions of the aged suspensions was observed with decreasing (P/Fe), .,
whose intensity followed the order Na >> Mg ~ low Ca >> Ca. The increase in dissolved
phosphate fractions corresponded to apparent plateaus in absolute phosphate concentrations at
~0.18 mM in the Na electrolyte, ~0.05-0.07 mM in the low Ca and Mg electrolytes, and ~0.03
mM in the Ca electrolyte, before the concentrations decreased towards O in the phosphate-free
treatments (Fig. 6). Comparison with the respective relative and absolute concentrations of

phosphate in the fresh suspensions clearly revealed substantial phosphate release into solution

during aging whose extent depended on the valence and concentration of the electrolyte cation.
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In the Na+Si electrolyte, a plateau in dissolved phosphate at a similar concentration as in the Mg

and low Ca electrolytes was observed in the (P/Fe).

init

range from ~0.2-0.6, indicating that silicate
also reduced phosphate release during aging. The lowest dissolved relative phosphate
concentrations at (P/Fe), , of 0.1-0.6 were observed in aged Ca+Si electrolyte suspensions, due to
the combined effects of Ca and silicate on precipitate aging and phosphate release.

In Fig. 7, the concentrations of dissolved phosphate in fresh and aged precipitate

suspensions at (P/Fe).  of 0.05, 0.1, 0.2 and 0.5 in different background electrolytes are

compared. The plots reflect the previously described trends in phosphate co-precipitation and re-
solubilization. They further emphasize that — also at the lowest (P/Fe),, of 0.05 — most effective
phosphate retention in fresh and aged precipitate suspensions was achieved in the Ca+Si
electrolyte.

Based on the concentrations of dissolved phosphate in the aged suspensions and the initial total
concentrations of Fe and phosphate, the molar ratio of precipitated phosphate over Fe (P/Fe)
was calculated for all treatments (Table EA4). For suspensions with (P/Fe). of ~0.2-0.75, 1i.e.
between the phosphate uptake capacity of fresh ferrihydrite-type and (Ca-)Fe-phosphate-type
precipitates, respectively, the (P/Fe)  and the LCF-derived fractions were used to derive the
solid-phase P/Fe ratios of the individual structural units in the Na, Mg, low Ca and Na+Si
electrolytes by multiple linear regression (details in section EA6). Analogous calculations for the
Ca and Ca+Si electrolytes were not performed because phosphate partly also precipitated as Ca-
phosphate or phosphate-containing Ca-carbonate during aging. The results for the Na, Mg and
low Ca electrolytes indicated that the ferrihydrite-type transformation product of Fe(Ill)-

phosphate in the aged suspensions had a P/Fe ratio of ~0.10-0.16. For the Na+Si electrolyte, the

calculation returned a P/Fe ratio of 0.09 for the ferrihydrite fraction (Table EA7).
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4. DISCUSSION

4.1. Precipitate transformation and phosphate release during aging

The comparison of the results on Fe precipitate structure and dissolved phosphate in fresh
and aged suspensions (Fig. 1, Fig. 3 and Fig. 6) reveals that substantial precipitate transformation
occurred during the aging of the suspensions that also affected phosphate sequestration. The
most prominent change in Fe(III)-precipitate structure during aging was the transformation of
Fe(IlI)-phosphate and to a much lesser extent Ca-Fe(Ill)-phosphate into a ferrihydrite-type
Fe(III)-precipitate with lower (P/Fe) ratio, i.e., lower phosphate retention capacity. This process
was most pronounced at intermediate (P/Fe), . ratios ~0.3-0.5 (Fig. 3) and resulted in the release
of initially precipitated phosphate (Fig. 6). The extent of (Ca-)Fe(IlI)-phosphate transformation
and phosphate release depended on the background electrolyte cation and on the
absence/presence of silicate (Fig. 3 and Fig. 6). Further changes in Fe(Ill)-precipitate structure
during aging included the polymerization of the ferrihydrite-like transformation product of
Fe(IlI)-phosphate (from HFO to Fh/HFO) (Fig. 2) and the crystallization of lepidocrocite in the
silicate-free background electrolytes (Fig. 2 and Fig. EA6). The different transformation
processes and their dependence on precipitate composition and solution chemistry are discussed

in the following sections.
4.2. Stability and transformation of Fe-phosphate and Ca-Fe(III)-phosphate during aging

4.2.1. Structure of fresh (Ca-)Fe(lll)-phosphate precipitates (Senn et al., 2015)

For freshly precipitated (Ca-)Fe(III)-phosphate, we previously found that the structure and
composition depended on the background electrolyte cation and could be described based on
(mixtures of) different polymeric units (Senn et al., 2015). Compared to Fe(Ill)-phosphate

formed in Na electrolyte, Mg did not detectably affect the local Fe coordination in Fe(IIl)-

23



phosphate, but electrostatically enhanced co-precipitation of phosphate with bivalent Mg led to
more effective phosphate uptake than co-precipitation with monovalent Na. A low Ca
concentration of 0.5 mM had a similar effect as 4 mM Mg, and was also mainly attributed to
electrostatic interactions. At a Ca concentration of 4 mM in the Ca and Ca+Si electrolytes,
amorphous Ca-Fe(III)-phosphate formed whose structure and composition could be rationalized
by a mixture of (i) amorphous Fe(IIl)-phosphate polymers analogous to the ones formed in the
Mg and Na electrolytes, (i1) mitridatite-like Ca-Fe(I1I)-phosphate polymers with enhanced Fe-Fe

linkage and higher P/Fe ratio, and (iii) Ca-phosphate polymers.

4.2.2. Aging of Fe(Ill)-phosphate and Ca-Fe(Ill)-phosphate in silicate-free electrolytes
In the Na electrolyte, partial Fe(III)-phosphate transformation into a ferrihydrite-type phase

(Fh/HFO) during aging was observed at (P/Fe). . ¢ 0.75, and complete transformation at (P/Fe),_. *

init init

0.4 (Fig. 1 and Fig. 3; Fig. 8). The concomitant increase in dissolved phosphate up to a plateau
concentration of ~0.18 mM (Fig. 6) suggests that this phosphate concentration corresponded to
the minimum concentration required to inhibit (further) Fe(Ill)-phosphate transformation in the
absence of other interfering ions.

Although Mg does not markedly affect local Fe coordination in fresh Fe(III)-phosphate
compared to Fe(lll)-phosphate formed in Na electrolyte (Senn et al., 2015), the extents of
structural Fe(IIl)-phosphate transformation (Fig. 3) and of dissolved phosphate release (Fig. 6)
during precipitate aging in the Mg electrolyte were markedly reduced relative to the Na
electrolyte. This difference suggests that electrostatic interactions between Mg and phosphate
stabilized the Fe(IlI)-phosphate and reduced the driving force for further Fe polymerization. The
phosphate plateau concentration of ~0.065 mM from (P/Fe),, of ~0.75 down to ~0.2, i.e., for
precipitates with Fe(IlI)-phosphate fractions from 74% to 9% (Fig 3, Table EA4), suggests that

(further) Fe(Ill)-phosphate transformation was effectively inhibited. The lower plateau
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concentration of phosphate than in the Na electrolyte further points to a higher stability of
Fe(IlI)-phosphate in the Mg than in the Na electrolytes.

Nearly identical results as in the Mg electrolyte were also observed in the low Ca electrolyte
(Fig. 3, Fig. 6), indicating that 0.5 mM Ca mainly affected precipitate stability via electrostatic
interactions similar to Mg rather than more specific interactions between Ca and phosphate, in
line with the result that saturation with respect to OCP in the aged low Ca suspensions was only

reached at (P/Fe). . of 1.5 or even higher (Table EAS).

In the Ca electrolyte, Ca-phosphate precipitation led to a pronounce decrease in dissolved
phosphate during aging of suspensions with (P/Fe) ¢ 1 (Fig. 6) and also seemed to limit
phosphate resolubilization in suspensions with (P/Fe), . from 0.1 to 0.75 (compared to Na, Mg
and low Ca electrolytes), as reflected by an average phosphate concentration of 22+6 uM for

(P/Fe). . from 0.1 to 1.5 (n=9) that was in line with solubility control by OCP (phosphate

concentration of 26 uM or 9 uM using OCP solubility products from MinteqA2 V4 database or
Tung et al. (1988), respectively; calculated for an average Ca concentration of 3.5+0.2 mM and
an average pH of 7.940.1 in the respective suspensions). Despite this effective phosphate
sequestration process, the extent of Ca-Fe(Ill)-phosphate transformation in the Ca electrolyte
was markedly reduced compared to the Na, Mg and low Ca electrolytes (Fig. 3, Fig. 8). The
pronounced recalcitrance of Ca-Fe(IIl)-phosphate in the Ca electrolyte towards transformation
during aging may be attributed to three factors: (1) Favorable electrostatic interactions between
precipitated Ca and phosphate that stabilize the precipitate, in analogy to Fe(IlI)-phosphate
formed in Mg electrolyte. (ii) Presence of mitridatite-like Ca-Fe(III)-polymers with Fe-Ca
polyhedral linkage and higher degree of Fe-Fe linkage than other Fe(Ill)-phosphate polymers

that hampers further Fe(III) polymerization during aging. (iii) Presence of intermixed Ca-

phosphate polymers that may inhibit Fe(IlI) polymerization (and whose fraction increases with
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increasing (P/Fe), , (Senn et al., 2015)). The effective stabilization of Ca-Fe(IlI)-phosphate by Ca
observed in the 30-days aging experiment is in line with the observation of recalcitrant
amorphous Ca-Fe(Ill)-phosphate in environmental systems, for example in Fe accumulations

with ages between decades and millennia in sediments from Lake Baikal (Deike et al., 1997; Och

et al., 2012).

4.2.3. Aging of Fe(Ill)-phosphate and Ca-Fe(Ill)-phosphate in silicate-containing electrolytes

Precipitate aging in the Na+Si electrolyte resulted in a markedly lower phosphate release
than in the silicate-free Na electrolyte (Fig. 6), in line with the results of earlier work on the
effect of silicate on phosphate retention by iron oxidation products (Mayer and Jarrell, 2000).
The reduced phosphate release in the Na+Si compared to the Na electrolyte can be attributed to
the fact that silicate promotes the formation of ferrihydrite during Fe(II) oxidation in phosphate-
depleted solutions (Voegelin et al., 2010; Voegelin et al., 2013; Senn et al., 2015). Ferrihydrite
has a higher oxyanion sorption capacity than lepidocrocite formed in silicate-free background
electrolytes and is therefore expected to more effectively retain phosphate released during
Fe(Il)-phosphate transformation. Calculations based on the LCF results and the (P/Fe)
confirmed that part of the phosphate released by Fe(Ill)-phosphate transformation in the Na+Si
electrolyte was indeed taken up by the ferrihydrite ((P/Fe),, (. ~0.09; (Table EA7)).

In terms of structural transformation, the presence of ferrihydrite as an effective phosphate
sink has been reported to promote Fe(IIl)-phosphate transformation into Fe(IIl)-(hydr)oxide
(McLaughlin and Syers, 1978). The spectroscopic data however show that Fe(III)-phosphate
transformation in the Na+Si electrolyte was markedly reduced compared to the Na electrolyte
(Fig. 3). This stabilizing effect of silicate on Fe(Ill)-phosphate may be due to the intimate
association of sequentially formed Fe(IlI)-phosphate and silicate-containing ferrihydrite within

individual precipitate nanoparticles (Senn et al., 2015). Phosphate released by Fe(Ill)-phosphate
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transformation may not readily displace silicate from ferrihydrite polymers due to the remaining
high silicate concentration in solution, and the release of both phosphate and silicate into solution
may be attenuated by slow intraparticle diffusion (Fuller et al., 1993a), which may in turn reduce
the driving force for Fe(Ill)-phosphate transformation. The lower phosphate plateau
concentration in the Na+Si than in the Na electrolyte (Fig. 6) may therefore not only be due to
effective uptake of phosphate by ferrihydrite, but may also reflect the stabilizing effect of silicate
on Fe(IlI)-phosphate formed in the Na+Si electrolyte.

By far the lowest extent of Ca-Fe(III)-phosphate transformation was observed in the Ca+Si
electrolyte (Fig. 3). This can be attributed to the stabilization of Ca-Fe(Ill)-phosphate by Ca and
possibly also by silicate and to the formation of ferrihydrite in the silicate-containing electrolyte,
as described above for the Ca and Na+Si electrolytes. In addition, the stability of the bulk
precipitates may be further enhanced by favorable electrostatic interactions or ternary complex
formation between Ca and phosphate adsorbed on the ferrihydrite-type precipitate fraction

(Antelo et al., 2015).

4.2.4. No crystallization of amorphous (Ca-)Fe(lll)-phosphate during aging

Amorphous (Ca-)Fe(Ill)-phosphate may not only transform into Fe(III)-(hydr)oxide, with
concomitant phosphate release, but also into crystalline (Ca-)Fe(Ill)-phosphate. Amorphous
Fe(IlI)-phosphate precipitated at low pH transforms into crystalline Fe(Ill)-phosphate such as
strengite over time (Roncal-Herrero et al., 2009), in analogy to the transformation of amorphous
Fe(IlI)-arsenate into scorodite (Paktunc et al., 2008). Due to the neutral to slightly alkaline pH in
our experiments, however, such a transformation was not observed. Alternatively, amorphous
basic (Ca-)Fe(Ill)-phosphate formed at near-neutral pH may transform into a crystalline (Ca-
)Fe(1II)-phosphate, in analogy to the transformation of amorphous Ca-Fe(Ill)-arsenate into

crystalline arseniosiderite at neutral pH and temperatures of 75-85 °C (Paktunc et al., 2015).
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Mitridatite is a basic Ca-Fe(IIl)-phosphate isostructural to arseniosiderite (Moore and Araki,
1977), and Ca-Fe(Ill)-phosphate polymers with mitridatite-like local Fe(IlI)-coordination were
observed in the fresh amorphous Ca-Fe(III)-phosphate precipitates formed in the Ca and Ca+Si
electrolytes at high (P/Fe), . (Senn et al., 2015). However, XRD results did not reveal the
formation of crystalline mitridatite during the aging of amorphous Ca-Fe(IIl)-phosphate for 30
days at 40 °C and the XAS results did not show an increase of the fraction of mitridatite-like
polymers, suggesting that the crystallization of mitridatite requires higher temperatures and/or

longer reaction times.

4.3. Ferrihydrite formation from (Ca-)Fe-phosphate in silicate-free electrolytes

For fresh precipitates formed in the silicate-free electrolytes at (P/Fe), . below the critical

init

(P/Fe)_, for exclusive Fe(Ill)-phosphate formation, we previously found that initially formed

Fe(Ill)-phosphate immediately started to- transform into a phosphate-rich ferrihydrite-type
precipitate with a (P/Fe) , of ~0.25 during continuing Fe(Il) oxidation (Voegelin et al., 2013;
Senn et al., 2015).

The structural analysis of corresponding aged precipitates clearly showed that this
transformation continued during aging (Fig. 3), its extent depending on the type and
concentration of interfering cations and oxyanions as discussed in the preceding section. The
analysis of the Fe K-edge EXAFS data further suggested that the extent of corner-sharing Fe-Fe
linkage in the ferrihydrite-type transformation product of Fe(III)-phosphate increased during
aging (shift from HFO to Fh/HFO as proxy for ferrihydrite-type transformation product; see
section 3.2.1). This increase in Fe-Fe coordination is indicative for a 3-dimensional growth of the
ferrihydrite crystallites, and has previously been reported with respect to the aging of

ferrihydrite-type Fe(III)-precipitates formed in the presence of arsenate (Waychunas et al., 1993;

Paktunc et al., 2008). Previous work has shown that the increase of ferrihydrite crystallite size
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results in a decreasing oxyanion sorption capacity (Fuller et al., 1993a; Waychunas et al., 1993).

Indeed, linear regression analysis of the (P/Fe)  of precipitates formed at (P/Fe),, of ~0.2-0.75 in

the silicate-free electrolytes Na, Mg and low Ca (Table EA7) indicates that the P/Fe of the
ferrihydrite-type transformation product decreased from ~0.25 in the fresh precipitates to
0.14+0.03 (s.d., n=3) in the aged precipitates. This (P/Fe) was assumed to represent the
maximum sorption capacity of the ferrihydrite-type precipitate fraction, because most of the
precipitates considered for the regression analysis still contained at least some Fe(III)-phosphate
(Fig. 3). The observed decrease of the phosphate sorption capacity closely compares to a
decrease of the phosphate sorption capacity of ferrihydrite from 0.26 to 0.16 P/Fe within 56 days
of aging at pH ~6 (Gerke, 1993) or from 0.45 P/Fe for freshly synthesized hydrous ferric oxide
to 0.24 after 8.5 h and 0.18 P/Fe after 24 h of aging at pH 7.0 (Mao et al., 2012). A similar
decrease in arsenate retention was furthermore observed in aging experiments with arsenate-rich
ferrihydrite-type co-precipitates (Fuller et al., 1993a; Paktunc et al., 2008).

In previous work, microscopic analysis of a fresh precipitate formed at (P/Fe),  of 0.42 in
Na electrolyte showed that lepidocrocite platelets that had formed after the depletion of dissolved
phosphate were attached to the surface of spherical Fe(III)-phosphate particles (Fig. 6B in Kaegi
et al. (2010)). Analysis of the aged precipitate Na 0.51 A by electron microscopy, on the other
hand, suggested the lepidocrocite platelets became covered with nanometer-sized particles with
rough surfaces (Fig. 5g,i). These morphological features suggest that the transformation from
Fe(III)-phosphate to Fh/HFO at (P/Fe),, ~0.5 proceeds to a significant extent via a dissolution-
reprecipitation process that leads to the accumulation of a ferrihydrite-type precipitate on the Lp

platelets.

4.4. Ferrihydrite-type precipitates in silicate-containing electrolytes
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In the Na+Si and Ca+Si electrolytes with (Si/Fe),, ~1, the fresh precipitate formed in the
absence of phosphate was identified as a silicate-containing ferrihydrite (Fh-Si*) with a molar
Si/Fe ratio of ~0.1 and with less corner-sharing linkage and less FeO, octahedral distortion than
in 2-line ferrihydrite synthesized by forced Fe(IIl) hydrolysis using standard protocols (Senn et
al., 2015). Comparison of the spectra of the fresh and aged silicate-containing ferrihydrite
revealed no significant changes in Fe coordination during aging (Fig. 1). This suggested that
structural 0.1 Si/Fe and residual ~0.45 mM dissolved silicate effectively prevented further
polymerization of the ferrihydrite or its transformation into a crystalline Fe(IIl)-(hydr)oxide
during 30 days of aging at 40 °C, in line with laboratory studies on the effect of silicate on
ferrihydrite transformation (Schwertmann and Taylor, 1972a; Vempati and Loeppert, 1989) and
the persistence of silicate-containing ferrihydrites in environmental systems (Carlson and
Schwertmann, 1981; Jessen et al., 2005; Cismasu et al., 2011; Voegelin et al., 2014).

In the Na+Si electrolyte, transformation of initially precipitated Fe(III)-phosphate into a
ferrihydrite-type precipitate was observed during aging, although to a lesser extent than in the Na
electrolyte (Fig. 3). Because the ferrihydrite-type transformation product could not be
differentiated from the initially formed silicate-containing ferrihydrite, the reference spectrum
Fh-Si* represented the initially formed silicate-containing ferrihydrite as well as the phosphate-
containing ferrihydrite formed by Fe(III)-phosphate transformation (Fig. 3). Linear regression of
precipitate P/Fe ratios versus LCF-derived structural fractions suggested that the Fh-Si* fraction
in the aged precipitates in the Na+Si electrolyte contained ~0.09 P/Fe (Table EA7). The uptake
of phosphate by ferrihydrite during Fe(III)-phosphate transformation probably also involved the
displacement of initially co-precipitated silicate, but the available data did not allow to assess the

importance of this effect.

4.5. Transformation of poorly-crystalline lepidocrocite
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In the silicate-free Na, Mg, low Ca and Ca electrolytes in the absence of phosphate, the
fresh precipitate has previously been identified as poorly crystalline lepidocrocite (Senn et al.,
2015), in line with other work (van Genuchten et al., 2014b). Previous work has shown that the
aging of lepidocrocite leads to its transformation into thermodynamically more stable goethite
and/or to an increase in lepidocrocite crystallinity (Schwertmann and Taylor, 1972b;
Schwertmann and Taylor, 1972a). The transformation of lepidocrocite into goethite has been
postulated to proceed via a dissolution-precipitation mechanism that involves the formation and
growth of goethite nuclei. Oxyanions such as silicate can effectively inhibit the formation of
goethite nuclei, and thereby constrain lepidocrocite aging to the increase in crystallite size
(Schwertmann and Taylor, 1972a).

Comparison of the EXAFS spectra of the fresh and aged poorly crystalline lepidocrocite
formed in the silicate-free background electrolytes (with 0.014 As(V)/Fe) (Fig. 2 and Fig. EA6)
and analysis of corresponding XRD patterns (Fig. EA10) indicated that aging for 30 days at 40
°C resulted in a slight increase in short-range and stacking order of the lepidocrocite crystallites,
but not in lepidocrocite-to-goethite transformation. On the other hand, experiments in phosphate-
free Na electrolyte without ~0.014 As(V)/Fe showed that about 80% of the initially formed
poorly crystalline lepidocrocite transformed into goethite during aging (Fig. 4 and Fig. EA9).
The As(V) present in the silicate- and phosphate-free treatments thus seemed to exert a similar
effect as previously described for silicate, which inhibits the nucleation of goethite crystallites
and thereby the transformation of lepidocrocite into goethite via a dissolution-reprecipitation
mechanism (Schwertmann and Taylor, 1972a; Cornell and Schwertmann, 2003). Considering the
similarity in the interactions of phosphate and arsenate with Fe, phosphate at a ratio of 0.014
P/Fe most probably inhibits lepidocrocite-to-goethite transformation in the same way as

observed for 0.014 As(V)/Fe. Our results also show that the transformation of lepidocrocite into
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goethite may also be inhibited by Ca and Mg, but do not allow to resolve the cause of this effect

or the conditions under which it occurs.

4.6. Kinetics of precipitate transformation processes

In this study, we compared the structure and composition of aged and fresh precipitates to
assess changes during aging, but did not follow precipitate transformation over time. However,
some indications on the kinetics of the observed transformation processes may be gained by
comparing our results with published data.

From a compilation of kinetic data on the transformation of hydrous ferric oxide into more
crystalline phases at pH 6.0 and temperatures from 25 °C to 70 °C, Ford (2002) derived a
regression equation that indicates an approximately 2-fold increase of the reaction rate
coefficient per 10 °C increase in temperature. From half conversion times of 2-line ferrihydrite to
goethite/hematite at pH 7.0 and temperatures of 3 °C and 21 °C reported by Schwertmann et al.
(2004), on the other hand, an approximately 4-fold increase in the reaction rate coefficient per 10
°C increase in temperature can be derived. If the temperature dependence of the transformation
reactions in our aging experiments falls into a similar range, aging at 40 °C probably proceeded
about 3-8 times faster than at 25 °C (“room temperature”).

In a recent study, we investigated Fe(II) oxidation, precipitate formation and the onset of
aging over a time period of 5 h at a (P/Fe),, of 0.3 (8 mM NaHCO;; initial pH 6.3; 1 mM Fe_;
room temperature (Voegelin et al., 2013)). The data indicated that Fe(II) oxidation was complete
after 2 h, and that about 2.5% of the total phosphate was released back into solution during the
next 3 h (Fig. EA6 in Voegelin et al. (2013)). Assuming that the release of phosphate continued
linearly over time, ~3.3 days would have been required to release 65% of the total phosphate into

solution, i.e., to reach the level of phosphate release observed after the aging of the precipitate

with the same (P/Fe), , of 0.3 in the current study (Fig. 6b; sample Na 0.3). Furthermore, results
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from a similar experiment with a precipitate formed at (P/Fe). . of ~0.2 (with 0.1 mM Fe(Il)) in 5

mM NaHCO; at pH 7.0 (Mayer and Jarrell, 2000) indicated that the decrease of (P/Fe)  from
~0.2 to ~0.05 (similar to the decrease in our experiment Na 0.2; see section 4.2.2) occurred
within the first 5 days of aging. From these two comparisons, we thus conclude that the
polymerization of Fe(IlI)-phosphate and phosphate-rich hydrous ferric oxide into phosphate-
loaded ferrihydrite in the Na electrolyte was completed within the first part of the 30-days aging
period.

In the experiment Na+Si 0.2 (with (Si/Fe)

~1 and (P/Fe) . ~0.2), ~55% of the total

init init

phosphate were released back into solution after aging (Fig. 6f), corresponding to a decrease in
(P/Fe) , from ~0.2 to ~0.09. For a similar experiment with a precipitate formed at (P/Fe),, ~0.2

ppt

and (Si/Fe). ~3.6 (5 mM NaHCO,, pH 7.0; 0.1 mM Fe_ ), Mayer and Jarrell (2000) reported that

init tot.

only 10% of the total phosphate was released back into solution within 5 days. Assuming that
phosphate release in their experiment continued linearly over time, ~60% phosphate release
would have occurred over 30 days, qualitatively in line with the 55% release observed in our
experiment. Noting that phosphate release after 30 days of aging of the precipitate Na+Si 0.3
approached the release in the respective experiment Na 0.3 without silicate (Fig. 6), it is probable
that the initial phase of precipitate transformation and phosphate release in the Na+Si electrolyte
was also nearly complete.

Compared to Fe(Ill)-phosphates formed in the Na electrolyte, Fe(III)-phosphate and Ca-
Fe(11I)-phosphate formed in the Mg, low Ca, Na+Si, Ca and Ca+Si electrolytes was markedly
more resistant towards transformation during aging for 30 days at 40 °C (Fig. 3). Nevertheless,
the phosphate plateau concentrations observed in the Mg, low Ca and Na+Si electrolytes at

intermediate (P/Fe). . suggested that the initial transformation of (Ca-)Fe(Ill)-phosphate in these

init
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suspensions was also fast and that further precipitate transformation within the 30-days aging
period was inhibited by the release of phosphate.

For arsenate-sorbed hydrous ferric oxide with(As/Fe) , of 0.07, crystallization (probed as
decrease in 0.4 M HCl-extractable Fe) during aging at pH 6.0 and 40 °C has been reported to
proceed with a half-life time of ~2.5 years, without formation of XRD-detectable amount of
hematite or goethite within 125 days of aging (Ford, 2002). Similarly, no structural
transformation of a ferrihydrite-type Fe(IIl)-As(V)-coprecipitate formed at pH 7.0 with an As/Fe
ratio of 0.1 was observed during 210 days of aging and Fe remained completely oxalate-
extractable (Violante et al., 2007).

Based on our results and the results from previous studies, we assume that the initial
transformation of Fe(Ill)-phosphate and phosphate-saturated hydrous ferric oxide into a
ferrihydrite-type precipitate with lower (P/Fe),, was completed after the 30-days aging period
examined in the present work, and that the transformation of phosphate- and (silicate-)sorbed
ferrihydrite into more crystalline Fe(Ill)-(hydr)oxides will require substantially more time. To
reliably determine the kinetics of the different transformation processes identified in this study,
however, time-resolved experiments on the structural and compositional transformation of

selected types of Fe(Ill)-precipitates are needed.

S. CONCLUSIONS

We have previously shown that the composition and structure of the iron oxidation products
and their capacity to sequester phosphate depend on the concentrations of phosphate, silicate, Mg
and Ca in solution (Senn et al., 2015). The present study emphasizes that these ions also
critically affect the transformation of Fe(Ill)-precipitates during aging, as schematically

summarized in Fig. 8.
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With respect to the effects of oxyanions, this study shows that dissolved phosphate at
sufficiently high concentration stabilizes Fe(IIl)-phosphate precipitates with low degree of Fe
polymerization against transformation into ferrihydrite-type precipitates, and that silicate (and
phosphate) stabilize ferrihydrite-type precipitates against transformation into a more crystalline
Fe(IlI)-(oxyhydr)oxide within 30 days at 40 °C. The results also reveal that trace levels of
arsenate (and probably in analogy phosphate) are sufficient to inhibit the transformation of
lepidocrocite into goethite during aging.

Regarding the background electrolyte cations Na, Mg and Ca, our results demonstrate that
bivalent cations, especially Ca and to a lesser extent Mg, strongly influence Fe(III)-precipitate
transformation processes. In the case of amorphous Fe(Ill)-phosphate, specific (Ca) and
electrostatic (Ca and Mg) interactions of Ca and Mg with phosphate lead to enhanced structural
stability and reduced phosphate release during aging, an important aspect that has not been
examined to date and warrants further consideration. In addition, our results indicate that, in the
absence of interfering oxyanions, bivalent cations may also affect the transformation of
lepidocrocite to goethite. More generally, this study demonstrates that the choice of background
electrolyte may substantially affect the outcome of studies on the formation and transformation
of Fe(Ill)-precipitates and that bivalent cations such as Mg or Ca should not be considered inert.

The transformation of Fe(Ill)-precipitates is associated with a loss of oxyanion retention
capacity, resulting in the release of initially co-precipitated phosphate (Fig. 6 and Fig. 7).
However, the fate of phosphate during aging is also affected by interactions with Ca and the
formation of Ca-Fe(Ill)-phosphate and Ca-phosphate precipitates. Thus, even under conditions
where phosphate uptake into fresh Fe(Ill)-precipitates does not represent a long-term phosphate

sink due to Fe(I1I)-precipitate transformation, temporary phosphate storage in Fe(IIl)-precipitates
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may allow slower processes such as Ca-phosphate precipitation to proceed and may thereby
contribute to longer-term phosphate retention.

As shown in this study, the effects of individual solutes on Fe(III)-precipitate transformation
and phosphate retention are interdependent and their coupled effects can only be resolved based
on multifactorial experiments that account for the chemical conditions in specific types of
environments. In addition to the effects of Ca, Mg, phosphate, silicate and arsenate addressed in
this study, Fe(IlI)-precipitate formation and structure in natural environments may be further
confounded by factors such as interactions with natural organic matter (Karlsson and Persson,
2010; Mikutta, 2011) or aluminum (Taylor and Schwertmann, 1978; Violante et al., 2009; Adra
et al., 2013) or transformations triggered by sorbed Fe(Il) (Pedersen et al., 2005; Boland et al.,
2014), pointing to the need for further more comprehensive multifactorial experiments.

Via their effects on the structure, composition and aging of Fe(Ill)-precipitates, phosphate,
silicate, Mg and Ca are expected to also critically influence the fate of co-transformed trace
elements. The results from the present study thus emphasize the need to account for the structural
complexity and dynamic properties of amorphous to poorly-crystalline Fe(III)-precipitates when

addressing their role for trace element sequestration in natural and technical systems.
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Fig. 1. Comparison of the Fe K-edge EXAFS spectra of aged (red lines) and fresh (black lines,
from Senn et al. (2015)) precipitates formed in the Na (a) and Ca+Si (b) electrolytes at selected

(P/Fe)inir. Difference spectra “aged — fresh” (blue lines, scaled by a factor of 2 to increase
visibility) are shown to illustrate differences between the spectra of aged and fresh precipitates.

Sample labels defined in the text.
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Fig. 2. Comparison of the Fe K-edge EXAFS spectra of aged (red lines) and fresh (black lines,
from Senn et al. (2015)) endmember Fe(Ill)-precipitates in (a) k-space and (b) r-space.
Difference spectra "aged - fresh" are shown in panel (a) (blue lines; scaled by a factor of 2 to
increase visibility). The magnitudes (thick lines) and imaginary parts (thin lines) of the Fourier-
transformed spectra are shown in panel (b). Sample labels defined in the text.
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Fig. 3. Results from LCF analysis of the Fe K-edge EXAFS spectra of fresh and aged
precipitates (results for fresh precipitates from Senn et al. (2015)) and their difference (aged
minus fresh, differences pcLp*a-pcLp* and Fh/HFO-HFO shown without hatching). The
reference spectra used for LCF analysis are shown in Fig. 2. Detailed fit results are listed in
Table EA4. Statistical fit uncertainties were typically (90" percentile) <0.01 (pcLp*a), <0.03
(Fh-Si*, Fh/HFO) and <0.02 (FeP*, CaFeP* and lowCaFeP*) (further details in Table EAS).

Sample labels defined in the text.
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Fig. 4. Results of the LCF analysis of spectra of fresh and aged precipitates formed in phosphate-
and silicate-free Na, low Ca, Mg and Ca electrolytes without arsenate. Experimental and
reconstructed LCF spectra are shown in Fig. EA9, the complete LCF results are listed in Table
EA6.
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Fig. 5. Secondary electron (SE) images indicating the morphology of fresh (a-c) and aged (d-f)
Fe(III)-precipitates formed in Na electrolyte at different (P/Fe)inic ((P/Fe)pp: in parentheses).
Corresponding high-angle annular dark-field (HAADF) image for Na 0.51 A (h) and SE images
at higher resolution (g, 1). HAADF images corresponding to SE images a-f are shown in Fig.
EA11. SE images for precipitates formed in Ca electrolyte are shown in Fig. EA12.
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Fig. 7. Dissolved phosphate concentrations in fresh (Senn et al., 2015) and aged precipitate
suspensions at (nominal) (P/Fe)is; of 0.05, 0.1, 0.2 and 0.5 in Na, Na+Si, Ca, and Ca+Si
background electrolyte.
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Fig. 8. Schematic representation of key effects of phosphate, silicate, Ca and arsenate on
structural changes in Fe(III)-precipitates during aging. (1) Stabilization of CaFeP* phosphate by
Ca against transformation into Fh/HFO during aging. (2) Induction of Fh-Si* formation in
silicate-containing electrolytes with limited transformation during aging. (3) Growth of Lp
crystallites during aging in 0.014 As(V)/Fe-containing suspensions and (4) partial transformation
of poorly crystalline Lp into Goethite in absence of As(V). Concomitant changes in dissolved
phosphate concentrations are shown in Figures 6 and 7.
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EA1l. Experimental treatments and analytical methods used

Table EA1. Overview over combinations of background electrolytes and P/Fe ratios studied
and analytical techniques used for solution analysis and precipitate characterization®.

Series” (P/Fe)inic (with Fe = 0.5 mM)

0.0 0051|0102 )| 03| 04 0.5 0.6 | 0.75 | 1.0 1.5 2.0

Na IKSX IK | IK | IK | IK IK | IKSX | IK IK IK IKX IKS

Ca IKSX IK IK | IK | IK IK | IKSX | IK IK IK IKX IKS

Mg IK IK | IK | IK | IK IK IK IK IK IK IK IK
low Ca IK IK IK | IK | IK IK IK IK IK IK IK IK
Na+Si IK IK IK | IK | IK IK IK IK IK IK IK IK
Ca+Si IK IK | IK | IK | IK IK IK IK IK IK IK IK

* For each of the 72 combinations, the initial and final suspensions were analyzed by ICP-MS
(unfiltered/filtered) (I), and the corresponding precipitates by Fe K-ege EXAFS (K)
spectroscopy. Selected precipitates were studied by STEM (S) and XRD (X).

® Na: 8 mM NaHCOs; Ca: 4mM Ca(HCOs),; low Ca: 7 mM NaHCO; + 0.5 mM Ca(HCOs),;
Mg: 4 mM Mg(HCO3),; Na+Si: 8§ mM NaHCOs; + 0.5 mM Na,SiOs; Ca+Si: 4 mM Ca(HCOs3),
+ 0.5 mM Na,Si03. Ca(HCOs), and Mg(HCOs); refer to CaCO3; and MgO dissolved in CO»-
saturated water.

¢ Molar phosphate/Fe(II) ratio in the starting solution.



EA2. Aged suspensions: pH values, element recoveries and replicate data
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Fig. EAl. Final pH values (pHend) of the reaction suspensions after 30 days reaction time for

the six different background electrolytes.
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Fig. EA2. Total element recoveries in the reaction suspensions after 30 days reaction times for
the six different background electrolytes. Calculated by dividing total Ca, Mg, P, Fe, Na and Si
concentrations after 30 days ([unfilt].,q) by total initial Ca, Mg, P, Fe, Na and Si concentrations

([unfilt]iyi), measured by ICP-MS.



(a) 0.6 — original Ni/Cd large batch
7| Na a A
Jlca — % o
—~ 04 —
E .
E
2 0.2 —
D_TJ i A
= A <>
0.0 —
||||||||l||||||||l|||
(c) 0.6 original replicate
1| Mg °
lowCa —— v

(e) 0.6 — original replicate Ni/Cd
1| Na+si u =
]| carsi —
~ 0.4 0
E -
E ]
2 0.2
o’ ] ‘
0.0
IIIIIIIIIIIIIIIlIIIII
0.0 0.5 1.0 15
(P/Fe). .

(b)

P... (% total)

—

Q.

~—
—

P_.. (% total)

3

P, (% total)

00

Na a A
Ca —— @ <

(04}
o

original Ni/Cd large batch

(o2}
o

N
o

N
o
IIIIIIIIIIIIIIIIIII

<&

o

o
o

original replicate
.

lowCa —— v

[}
o

N H ]
o o o
I FEWE AW RN S Aa

o

o
o

original replicate Ni/Cd
Na+Si u ]
Ca+Si ——

(04}
o

(e2]
o
IIIIIIIIIIIIIIIIIIIII

N
o

N
o

o

0.0 0.5 1.0 1.5
(P/Fe)

init

20

Fig. EA3. Dissolved phosphate in aging experiments (symbols) similar to the original
experiment in comparison to the data shown in Fig. 6 (solid lines). Full symbols denote true
replicates, half-filled symbols denote experiments in which 7 uM Ni and 7 uM Cd instead of
7 uM As(V) were added to the initial solutions under otherwise identical conditions. The open
symbols denote experiments conducted in larger reaction vessels and with larger suspension
volumes to collect more sample material for further analyses. In general, dissolved phosphate
concentrations in these experiments, conducted over the course of 3 years with different
calibration standards, agreed very well with the data from the original dataset. A substantial
deviation from the original experiments was only observed in one experiment conducted with
Na electrolyte at (P/Fe)inic of 0.5 using a larger reaction vessel. The cause of this discrepancy
could not be identified.



EA3. Fe K-edge EXAFS data

Principal component analysis and target testing

For principal component analysis (PCA) and target testing (TT) (Isaure et al., 2002;
Manceau et al., 2002), software from beamline 10.3.2 at the Advanced Light Source (ALS,
Berkely, USA) was used (Marcus et al., 2004). The k’-weighted Fe K-edge EXAFS spectra of
all 72 aged precipitates were analyzed by PCA over the k-range 2-11 A™'. Based on visual
examination, the first four components were considered to represent the dominant spectral
features (Fig. EA4a). Target testing revealed that these four spectral components allowed to
adequately reproduce the first four PCA-components previously derived from the respective 72
spectra of fresh Fe(Ill)-precipitates (from Senn et al. (2015)) (Fig. EA4b). This close match
suggested that nearly the same set of spectral components could be used to describe spectra

collected on aged and fresh precipitates.

(a) (b) |
20
<
% C1F
c1
= 297 0.05
c2 C2F
87.3 07
| c2 C3F
15.9 28
CAF
\/ \ l 119
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Fig. EA4. (a) First 5 components from PCA of all 72 Fe K-edge EXAFS spectra of aged
precipitates over k-range 2-11 A™' (numbers below component labels indicate Eigenvalue).
(b) Target transforms (red dotted lines) of principal components C1 F to C4 F (black solid
lines) derived from the 72 Fe K-edge EXAFS spectra of fresh precipitates based on
components C1 to C4 derived from the spectra of aged precipitates (numbers below reference
labels indicate NSSRx1000 of the target transform).
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Fig. EAS. Comparison of Fe K-edge EXAFS spectra of aged precipitates formed at (P/Fe)nit of
~1.5 and ~2 in the Na and Na+Si electrolytes, Mg electrolyte, Ca and Ca+Si electrolytes, and
low Ca electrolyte as well as of the spectra formed at (P/Fe)ni; of 0.00 in absence (Na, Mg, Ca,
and low Ca electrolytes) and presence of silicate (Na+Si and Ca+Si electrolytes). (a) Spectra in
k-space. (b) Imaginary parts of Fourier-transformed spectra in r-space. The grouped spectra
exhibited a very high similarity and were averaged to obtain (from top) the spectra FeP*a,
MgFeP*a, CaFeP*a, lowCaFeP*a, pcLp*a and Fh—Si*a (shown in Fig. 2).



Comparison of the spectra of Lp, pcLp* and pcLp*a
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Fig. EA6. Comparison of the Fe K-edge EXAFS spectra of synthetic lepidocrocite (Lp), pcLp*
and pcLp*aged. (a) Spectra in k-space. (b) Fourier-transformed spectra in r-space. The second-
shell amplitude of the spectrum pcLp*a is nearly as high as in crystalline lepidocrocite.
However, the amplitudes of more distant peaks are still markedly reduced, and the comparison
of the spectra in k-space reveals that the spectrum pcLp*a lacks the (higher-frequency) feature
visible in the spectrum Lp at about 7.8 A™ (arrow). These differences suggest that the samples
represented by the spectrum pcLp*a contained poorly crystalline Lp with less ordered local Fe
coordination than in crystalline Lp.



PCA-TT and LCF analysis of spectra of precipitates from aged Na suspensions

Principal component analysis of the 12 spectra of aged precipitates formed in Na
electrolyte returned a minimum for the empirical IND value (Manceau et al., 2002) for the
third component, suggesting that three spectral components could explain the dataset. Target
testing of reference spectra using the first three principal components returned empirical
SPOIL values (Manceau et al., 2002) of 1.1 for pcLp*a, 0.9 for FeP*, 2.0 for Fh, 2.1 for
Fh/HFO and 4.8 for the HFO reference spectrum. These results suggested that, in addition to
the endmember spectra pcLp*a and FeP*, the spectra Fh and Fh/HFO were well-suited for
LCF analysis, whereas the HFO reference spectrum was classified as poor reference. In Table
EA2, LCF results are listed for the aged samples formed at (ideal) (P/Fe)iyit from 0.05 to 1.0 in
Na electrolyte. To represent the ferrihydrite-type precipitate fraction, either the HFO, Fh/HFO
or Fh reference spectrum was used. The normalized sums of the squared residuals (NSSR) or
the individual fits confirm that the Fh/HFO and Fh references are significantly better suited to
describe the ferrihydrite-type precipitate fraction than the HFO reference, in line with the
results from target testing (on average, fits with Fh/HFO had a 26% lower NSSR and fits with
Fh a 21% lower NSSR than fits with HFO, Table EA2). Comparison of the fits obtained with
the Fh/HFO spectrum and the Fh spectrum showed that fits with the Fh/HFO spectrum were
slightly better for the 6 samples formed at (P/Fe),;; of 0.05, 0.1, 0.2, 0.6, 0.75 and 1.0, whereas
the Fh reference returned slightly better fit results for the 3 samples formed at (P/Fe)init of 0.3,
0.4, and 0.5 with the highest ferrihydrite-type precipitate fractions. Comparison of the LCF-
derived fractions obtained with the Fh/HFO and the Fh reference spectra (Table EA2,
Fig. EA7) showed that the pcLp*a-fraction did not depend on the choice of ferrihydrite-type
reference spectrum, but that fits with the Fh/HFO reference spectrum returned on average 32%
(relative) higher fractions for the ferrihydrite-type precipitate than fits with the Fh reference

and correspondingly lower FeP* fractions.



Table EA2. LCF results for aged precipitates formed at (P/Fe)iyic from 0.05 to 1.0, with either
the HFO, Fh/HFO or Fh reference spectrum as proxy for the ferrihydrite-type precipitate
fraction.

E‘ezg; (P/Fe)inican | FeP* tl;l;e pcLp*a | Sum (1:150501;) (NSSR/NSSRyro)-1
0.05 — 016 084 | 1.02] 135
0.10 ~ 015 085 | 1.03] 1.62
0.20 ~ 038 062 | 1.02] 1.60
0.30 ~ 066 034 | 1.03]| 807
HFO 0.40 ~ 089 011 |103| 128
0.50 ~ 094 006 |1.03]| 137
0.60 0.17 070 013 | 1.04 | 5.66
0.75 046 042 012 | 1.04| 2.99
1.00 0.87  0.13 ~ 101 070
0.05 — 017 083 |103] 129 4%
0.10 ~ 015 085 | 1.04| 157 3%
0.20 039 061 | 1.04| 145 -9%
0.30 ~ 067 033 | 108 3.88 -52%
Fh/HFO 0.40 ~ 090 0.0 |1.09]| 422 -67%
0.50 0.15 077 007 | 1.04| 684 -50%
0.60 026 060 014 | 1.05| 2.58 -54%
0.75 054 033 013 | 1.04| 3.07 3%
1.00 090 010 - | 1.01| 074 6%
0.05 ~ 017 083 |103]| 143 6%
0.10 - 015 085 | 104 1.70 5%
0.20 0.12 023 065 | 1.01 | 148 -8%
0.30 0.14 050 036 | 1.05]| 3.51 -57%
Fh 0.40 021 065 014 | 1.05| 3.69 1%
0.50 031 059 010 | 1.01| 672 -51%
0.60 039 045 016 | 1.02| 2.88 -49%
0.75 062 023 015 | 1.02| 339 13%
1.00 093 007 - | 1.01| 084 20%
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Fig. EA7. LCF results with Fh/HFO or Fh to represent the ferrihydrite-type precipitate fraction
for aged precipitates formed at (P/Fe)i,ix of 0.05 to 1.0 in the Na electrolyte. The LCF results
are given in Table EA2.

Overview of references used for LCF analysis

Table EA3. Overview of references used for LCF analysis of the different series.

Reference

Series | FeP* | CaFeP* | lowCaFeP* | Fh/HFO | Fh-Si* | pcLp*a
Na X X X
Ca X X X
Mg X X X

low Ca X X X

Na+Si X X

Ca+Si X X
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Fe K-edge EXAFS LCF results and precipitate P/Fe ratios

In Table EA4, the effective initial and the precipitate P/Fe ratios (from ICP-MS analysis)
and Fe K-edge EXAFS LCF results are listed for all precipitates. Absolute and relative
uncertainties for individual fractions derived from LCF are summarized in Table EAS
(average, standard deviation, 90" percentile and maximum of absolute and relative uncertainty

for each fraction).

Table EA4. Initial dissolved and final precipitate P/Fe ratios and Fe K-edge EXAFS LCF
results for aged precipitates. All sample and reconstructed LCF spectra are shown in Fig. EAS,
the LCF results are graphically presented in Fig. 3. For each background electrolyte, only the
references considered for LCF are tabulated. LCF-derived fractions normalized to a sum of 1
are listed together with the effective sum of the fitted fractions. NSSR represents the
normalized sum of squared residuals (NSSR = ¥ (data; — fit})*/> (data;)?). Further details on the
LCF analysis are given in section 2.3. Fit uncertainties are summarized in Table EAS.
Underlined values were used for linear regression analysis (section EA6, Table EA7). The LCF
results for fresh precipitates are provided in the electronic annex of Senn et al. (2015).

P/Fe ratios LCF results

Series | (P/Fe)uic | (P/Fe)pp | FeP* FWHFO pcLp*a | Sum | “oOR
init ppt pcLp (XIOOO)

0.00 0.00 -- -- 1.00 1.00 | 0.70

0.04 0.02 -- 0.17 0.83 1.03 1.29

0.09 0.02 -- 0.15 0.85 1.04 1.57

0.19 0.05 -- 0.39 0.61 1.04 1.45

0.31 0.11 -- 0.67 0.33 1.08 3.88

Na 0.41 0.15 -- 0.90 0.10 1.09 | 4.22
0.51 0.19 0.15 0.77 0.07 1.04 | 6.84

0.60 0.24 0.26 0.60 0.14 1.05 | 2.58

0.75 0.36 0.54 0.33 0.13 1.04 | 3.07

0.99 0.56 0.90 0.10 -- 1.01 0.74

1.46 0.61 0.92 0.08 -- 1.01 2.28

1.91 0.68 0.91 0.09 -- 1.02 | 0.90

. NSSR
Series | (P/Fe)init | (P/Fe)pp: | CaFeP* Fh/HFO pcLp*a | Sum (x1000)
0.00 0.00 -- 0.00 1.00 1.03 3.07

0.04 0.03 -- 0.10 0.90 1.01 2.04

0.08 0.05 -- 0.16 0.84 | 098 | 244

0.18 0.12 -- 0.39 0.61 1.03 1.64

0.29 0.23 0.19 0.35 0.46 1.04 | 2.04

Ca 0.39 0.33 0.32 0.37 0.31 1.03 1.20
0.49 0.45 0.52 0.26 0.22 1.01 1.42

0.58 0.54 0.57 0.31 0.12 1.02 1.01

0.74 0.71 0.83 0.15 0.02 1.01 3.21

0.95 0.89 1.00 -- -- 1.00 | 2.23

1.29 1.26 1.00 -- -- 1.00 | 3.90

1.96 1.92 1.00 -- -- 099 | 3.48
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Table EA4. continued.

P/Fe ratios LCF results

Series | (P/Fe)init | (P/Fe)ppt FeP* Fh/HFO pcLp*a | Sum NSSR
" L (x1000)

0.00 0.00 -- -- 1.00 | 0.96 1.88

0.05 0.03 -- 0.21 0.79 1.01 1.87

0.10 0.05 -- 0.27 0.73 1.01 1.99

0.20 0.10 0.09 0.36 0.55 1.01 1.87

0.30 0.16 0.14 0.56 0.31 1.04 | 2.25

Mg 0.42 0.27 0.28 0.53 0.20 1.01 1.95

0.50 0.35 0.40 0.55 0.05 1.04 | 2.05

0.59 0.46 0.58 0.42 - 1.02 1.39

0.73 0.59 0.74 0.26 -- 0.99 | 2.59

0.97 0.69 0.85 0.15 -- 1.00 | 2.31

1.44 0.76 0.89 0.11 -- 097 | 2.13

1.91 0.79 0.89 0.11 -- 1.01 1.96
. NSSR
Series | (P/Fe)inic | (P/Fe)ppe | lowCaFeP* Fh/HFO pcLp*a | Sum (x1000)

0.00 0.00 -- -- 1.00 1.01 1.22

0.05 0.03 -- 0.11 0.89 1.00 | 2.02

0.10 0.05 -- 0.17 0.83 098 | 2.19

0.20 0.09 -- 0.42 0.58 1.03 | 2.78

0.31 0.18 0.16 0.48 0.37 1.05 | 2.4l

low Ca 0.42 0.33 0.41 0.31 0.29 099 | 222

0.48 0.40 0.53 0.34 0.13 1.03 1.53

0.60 0.49 0.68 0.20 0.12 1.02 | 5.07

0.73 0.66 0.87 0.13 -- 1.01 3.87

0.98 0.74 1.00 -- -- 1.01 3.74

1.41 0.80 1.00 -- -- 1.01 2.32

1.88 0.87 1.00 -- -- 1.02 | 3.09
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Table EA4. continued.

P/Fe ratios LCF results
Series | (P/Fe)iit | (P/Fe)pne | FeP*  Fh-Si* | Sum NI
" L (x1000)
0.00 0.00 - 1.00 0.99 3.92
0.04 0.03 - 1.00 0.99 2.65
0.08 0.05 - 1.00 0.99 3.60
0.18 0.08 - 1.00 0.99 4.09
0.30 0.17 0.17 0.83 1.01 3.33
Na+Si 0.40 0.27 0.39 0.61 0.97 4.34
0.50 0.41 0.75 0.25 0.98 2.67
0.57 0.45 0.78 0.22 0.96 1.47
0.70 0.51 0.90 0.10 0.98 1.51
0.94 0.57 0.90 0.10 1.00 1.08
1.43 0.64 1.00 - 0.99 2.56
1.84 0.68 1.00 -- 0.99 1.50
Series | (P/Fe)ini | (P/Fe)yp; | CaFeP* Fh-Si* | Sum (1:130501;)

0.00 0.00 0.14 0.86 0.99 6.29

0.03 0.03 0.10 0.90 0.98 2.63
0.08 0.08 0.25 0.75 0.97 6.60
0.18 0.17 0.31 0.69 0.95 7.46
0.30 0.28 0.38 0.62 1.00 2.85
Ca+Si 0.38 0.36 0.54 0.46 0.96 4.13
0.48 0.46 0.64 0.36 0.98 4.20
0.57 0.55 0.67 0.33 0.98 2.12
0.69 0.67 1.00 -- 0.96 4.18
0.92 0.88 1.00 -- 0.99 2.28
1.37 1.33 1.00 -- 1.00 4.03
1.82 1.78 1.00 -- 1.01 2.49
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Table EAS5. Absolute and relative statistical uncertainties of fractions obtained from LCF
analysis. For each reference spectrum, the average, standard deviation, 90™ percentile (90-
PCTL) and maximal uncertainty of the fitted fractions are provided (taking all samples/spectra
into account where the reference was considered). The values were derived from the "best" fits.
The n-component fit with the lowest NSSR was considered to be the "best" fit if no n+1-
component fit returned a more than 10% (relative) lower NSSR.

FeP* CaFeP* | lowCaFeP* | Fh/HFO Fh-Si* pcLp*a
abs rel | Abs rel abs rel | abs rel | abs rel | abs rel

average | 0.01 4% |0.01 4% | 0.01 2% |0.01 5% |0.02 5% |[0.00 2%

std. dev. | 0.00 4% | 0.01 5% | 0.01 3% |0.01 5% |0.01 4% |0.00 4%

90-PCTL | 0.02 9% |0.02 10% | 0.02 5% |0.02 14% | 0.03 9% |0.01 4%

maximum | 0.02 15% [ 0.03 17% | 0.02 8% |0.03 17% | 0.03 15% | 0.01 21%
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Fe K-edge EXAFS spectra of aged precipitates and reconstructed LCF spectra
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Fig. EAS8. Fe K-edge EXAFS spectra (solid lines) and reconstructed LCF spectra (open circles)
of aged Fe(Ill)-precipitates formed in Na, Ca, Mg, low Ca, Na+Si, and Ca+Si electrolytes (a-f).
Numbers at the right of the spectra indicate the background electrolyte and the molar initial
dissolved P/Fe ratio ((P/Fe)init). Sample details and LCF results are listed in Table EA4.
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Fe K-edge EXAFS analysis of precipitates formed in absence of arsenate

Table EA6. Results of the LCF analysis of the spectra of aged Fe(Ill)-precipitates formed in
the absence of 0.014 arsenate/Fe in the phosphate-free Na, Mg, low Ca and Ca electrolytes.
The reported fractions were normalized to unity. The NSSR represents the normalized sum of
the squared residuals of the fits. The reconstructed fits are shown in Fig. EA9. The fitted
fractions are also shown in Fig. 4 in the main manuscript.

. NSSR
Series | pcLp*a Goe Sum (x1000)

Na 0.93 0.07 0.98 1.68

fresh Mg 0.93 0.07 0.98 1.68
low Ca 0.95 0.05 0.99 1.55

Ca 1.00 0.00 1.01 2.14

Na 0.22 0.78 0.99 3.9

aged Mg 0.77 0.23 0.95 34
low Ca 0.42 0.58 0.98 34

Ca 0.95 0.05 1.02 2.0
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Fig. EA9. Fe K-edge EXAFS spectra (solid lines) and reconstructed LCF spectra (open circles)
of fresh (a) and aged (b) Fe(Ill)-precipitates formed in absence of arsenate in Na, low Ca, Mg
and Ca electrolytes compared to the reference spectrum of goethite (Goe) and the endmember
spectrum of fresh and aged poorly crystalline lepidocrocite (pcLp* and pcLp*a), respectively.
The LCF results are listed in Table EA6, the fractions are also shown Fig. 4 in the main
manuscript.
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EA4. X-ray diffraction data

For the analysis of selected precipitates by X-ray diffraction (XRD), the respective
experiments in Na and Ca background electrolyte were performed in larger solution volumes

(1000 mL), otherwise following the described protocol in the main manuscript.

For XRD analysis, 30 mg of dried precipitate were suspended in ethanol, transferred onto
27-mm diameter low-background Si-slides and allowed to dry. XRD patterns were recorded
from 5 to 95° 2-6 with a step-size of 0.017° and a measurement time of 6 h per sample using
Co Ka radiation (X’Pert Powder diffractometer with XCelerator detector, PANalytical,
Almelo, The Netherlands). The XRD patterns shown in Fig. EA10 were scaled to a unity

increase from the lowest to the highest measured intensity.

Using the Scherrer equation, coherent scattering domain sizes of 28 nm (Na 0.00 A) and

30 nm (Ca 0.00 A) were estimated from the 200 peaks at ~16.0 2-theta.
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Fig. EA10. (a) X-ray diffraction spectra of aged Fe(Ill)-precipitates formed in Na and Ca
electrolyte at selected (P/Fe)mix (black solid lines). Dashed vertical lines correspond to
dominant peaks of lepidocrocite (Lp), ferrihydrite-type Fe(Ill)-phosphate transformation
product (Fh/HFO) and amorphous Fe(Ill)-phosphate (FeP). Arrows indicate the peaks of
calcite (blue, Ca 0.00 A) and HAP (green, Ca 1.55 A). The intensities were normalized to
cover a range of unity. (b) Comparison of the spectrum of the aged precipitate at (P/Fe)iit ~0.5
with the spectrum of the respective fresh precipitate.
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EAS. Additional scanning TEM images

(a) Na 0.00 F (0.00) (b) Na 0.49 F (0.47) (c) Na 1.95 F (0.68)

4

Fig. EA1l. High-angle annular dark field (HAADF) STEM images indicating the mass-
thickness contrast of selected fresh (a—c) and aged (d—f) Fe(Ill)-precipitates formed in Na
electrolyte at different (P/Fe)i.ii ((P/Fe)pp in parentheses). The corresponding secondary
electron (SE) images are shown in Fig. 5.

(a) Ca 0.00 F (0.00) (b) Ca 0.50 F (0.49) (c) Na 1.91 F (1.08)

Fig. EA12. Secondary electron (SE) STEM images indicating the morphology of selected fresh

(a—c) and aged (d—f) Fe(IlI)-precipitates formed in Ca electrolyte at different (P/Fe)inic ((P/Fé)ppt
in parentheses).
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EA6. Molar (P/Fe),, ratios of precipitate fractions from linear regressions

Table EA7. Molar (P/Fe), ratios of Fe(IlI)-phosphate- and ferrihydrite-type precipitates
calculated from multiple linear regressions of (P/Fe),,; over LCF-derived fractions.

Fe(III)-phosphate Ferrihydrite
Series (P/Fe)owcayFep* (P/Fe)rnmro, Fh-si*
Na 0.56 (0.02) 0.15(0.01)
Mg 0.74 (0.02) 0.10 (0.02)
low Ca 0.70 (0.02) 0.16 (0.04)
Na+Si 0.55(0.01) 0.09 (0.01)

The molar (P/Fe),p of the FeP* or lowCaFeP* and Fh/HFO or Fh-Si* fractions derived
from LCF analysis were calculated by multiple linear regressions based on the (P/Fe)yp of
precipitates formed at (P/Fe)ini from ~0.2 to ~0.75 and the respective LCF results (listed in
Table EA4). During optimization, the P/Fe ratios were constrained to positive values. For
lepidocrocite, P/Fe ratios of 0 were obtained if it was included in the regression analysis.

Analogous P/Fe ratios for fresh precipitates have been published in Senn et al. (2015).

EA7. Saturation indices of Ca-phosphates in low Ca and Ca electrolytes

Table EA8. Saturation indices (SI) for hydroxyapatite (HAP), tricalciumphosphate (TCP),
octacalciumphosphate (OCP) and brushite in the aged low Ca and Ca electrolyte suspensions at
(P/Fe)init of 1.5 and 0.3, based on measured pH, dissolved Ca and phosphate. The
thermodynamic calculations were performed using PHREEQC with the Minteq V4 database
using the CO, partial pressure to set the pH to the measured value. For OCP, the SI in
parentheses was calculated using an alternative solubility product from (Tung et al., 1988).

low Ca suspensions Ca suspensions

(P/Fe)init 1.5 0.3 1.5 0.3
pH 8.1 7.9 7.9 8.0
Ca (mM) 0.26 0.40 3.6 3.0
phosphate (mM) 0.29 0.05 0.03 0.02
HAP 9.0 7.0 10.5 10.0
TCP 1.3 0.0 2.1 1.7
oCp

(Tung et al., 1988) -0.6 (0.7) -2.5(-1.1) 0.1 (1.4) -0.5 (0.8)
Brushite -1.0 -1.5 -1.0 -1.2
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