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Abstract

Iron oxides and oxyhydroxides form via Fe** hydrolysis and polymerization in many
aqueous environments, but the pathway from Fe** monomers to oligomers and then to solid phase
nuclei is unknown. In this work, using combined X-ray, UV-vis, and Mdssbauer spectroscopic
approaches, we were able to identify and quantify the long-time sought ferric speciation over time
during ferric oxyhydroxide formation in partially-neutralized ferric nitrate solutions ([Fe*] = 0.2
M, 1.8 < pH < 3). Results demonstrate that Fe exists mainly as Fe(H,0)¢>*, p-oxo aquo dimers
and ferrihydrite, and that with time, the p-oxo dimer decreases while the other two species
increase in their concentrations. No larger Fe oligomers were detected. Given that the structure of
the p-oxo dimer is incompatible with those of all Fe oxides and oxyhydroxides, our results
suggest that reconfiguration of the p-oxo dimer structure occurs prior to further condensation
leading up to the nucleation of ferrihydrite. The structural reconfiguration is likely the rate-

limiting step involved in the nucleation process.
Introduction

Ferric iron (Fe*") oxides and oxyhydroxides (abbreviated as Fe oxides unless otherwise
stated) are among the most important environmental minerals, playing crucial roles in nutrient
cycling and contaminant fate and transport. Fe** hydrolysis and subsequent polymerization and
precipitation is the major formation pathway of Fe oxides in many aqueous environments,
regardless of dissolved Fe** existing in natural acidic waters or resulting from Fe?* oxidation by
O, at circumneutral pH (Bligh and Waite, 2010; Bottero et al., 1994; Bottero et al., 1991; Deng,
1997; Flynn, 1984; Masion et al., 2001; Masion et al., 1997a; Masion et al., 1997b; Pokrovski et
al., 2003; Rose and Waite, 2003; Rose and Waite, 2007; Rose et al., 1997a; Rose et al., 1996;
Rose et al., 1997b; van Genuchten et al., 2012; van Genuchten et al., 2014a; van Genuchten et al.,
2014b; Voegelin et al., 2010; Voegelin et al., 2013; Zhu et al., 2012). Knowledge of the pathway
at the molecular scale has important implications for understanding the environmental mineralogy
and chemistry of Fe oxides. The formation pathway likely dictates the phase diversity of Fe
oxides precipitated in aqueous environments. Presumably, Fe oxide formation occurs via
successive polymerization processes (Jolivet et al., 2004). Hydrolyzed Fe monomers first couple
to form oligomers, such as dimers, trimers and tetramers; these oligomers then grow or aggregate
chemically to form nuclei that further grow and organize into particles of well-defined structure
(Johnston and Lewis, 1986; Michot et al., 2000). Molecular-scale characterization provides

information, such as on what aqueous species (monomers, oligomers, particles, etc) are present
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during formation, how each polymerization step proceeds, and why certain anions (e.g., nitrate,
chloride and sulfate) and physiochemical conditions direct formation of different types of nuclei
and affect crystal growth. The products may be different Fe oxide phases or, the same phase but
with varying chemical, structural and morphological characteristics (Jolivet et al., 2000).
Identification of the intermediate metal polymeric species is a critical step in elucidating
formation mechanisms (Michot et al., 2000), and hydrolysis products, particularly oligomers and
polymers, and their role in the formation of nuclei and particles, have been extensively
investigated. Much information has been gained on Cr*, Rh® and AP** hydrolysis and
precipitation processes as these occur slowly due to slow ligand-exchange rates, allowing
separation and detailed structural characterization of each intermediate formation product (Casey
et al., 2009; Spiccia, 2004). However, Fe** hydrolysis and precipitation occurs very rapidly, and
any intermediate products larger than dimers have never been isolated and successfully
characterized (Casey et al., 2009), greatly hindering identification of the reaction mechanisms.
Previous studies have characterized the Fe species in partially neutralized Fe*" solutions
([OH/[Fe*] < 3) because formation driven by full neutralization occurs too rapidly to study
(Bligh and Waite, 2010; Bottero et al., 1994; Bottero et al., 1991; Deng, 1997; Flynn, 1984;
Masion et al., 2001; Masion et al., 1997a; Masion et al., 1997b; Pokrovski et al., 2003; Rose and
Waite, 2003; Rose and Waite, 2007; Rose et al., 1997a; Rose et al., 1996; Rose et al., 1997b; Zhu
et al., 2012). When [OH)/[Fe*] < 0.5, hydrated Fe** monomers and dimers are the dominant
species (Zhu et al., 2013) whereas larger cationic polymers form at larger ratios ([OH]/[Fe*"] >
0.5) (Flynn, 1984). Brady et al. (1968) and Magini (1977) have determined the structure of these
polymers using X-ray atomic pair distribution function analysis, but the Fe octahedral linkages
were uncertain due to interference from the O-O pair correlations (Flynn, 1984). Bottero,
Manceau, their co-workers (Combes et al., 1989; Masion et al., 2001; Masion et al., 1997a;
Masion et al., 1997b; Pokrovski et al., 2003; Rose et al., 1997a; Rose et al., 1996; Rose et al.,
1997b) and Pokroski et al. (Pokrovski et al., 2003) tried to resolve the polymer structure using
extended X-ray absorption fine structure (EXAFS) spectroscopy. In their studies, the local atomic
structures of the Fe polymers were determined using an EXAFS shell-by-shell fitting analysis.
The obtained structures, consisting of FeOg octahedra with both edge-sharing and several types of
corner-sharing motifs, imply structural elements not shared by most Fe oxide phases, with the
exception being those polymers that form in FeCl; solutions and resemble akaganéite (Combes et
al., 1989). In contrast, Johnston and Lewis (1986) characterized the polymers isolated by
membrane-filtration from partially-neutralized Fe(l11) nitrate solutions, which were aged for 48 —

143 h prior to Méssbauer spectroscopic analysis, and concluded that the polymers were similar in
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structure to goethite. Their study also found that upon aging, the dimer concentration increased
whereas the monomer concentration decreased, and that oligomers (trimers, tetramers, etc.) larger
than dimers were not detectable (Johnston and Lewis, 1986). Consequently, there are large
discrepancies among the previous studies regarding the identities of early-formed Fe polymers,
and little is known about the smaller Fe species.

In this work, we attempt to identify and quantify the Fe species present in the earliest
stages of Fe oxyhydroxide formation in partially-neutralized acidic Fe*" nitrate solutions using in
situ time-resolved synchrotron-based X-ray diffraction (SXRD), quick-scanning EXAFS
(QEXAFS), rapid UV-vis, and quenched frozen-solution Mdssbauer spectroscopic analyses. The
results indicate that the extended Fe polymers consist entirely of nanoparticulate ferrihydrite, and
provide quantitative information about the temporal evolution of the concentration of ferrihydrite
and smaller Fe species (monomers and dimers), as well as new insight into the ferrihydrite
nucleation mechanism. This work also has implications for understanding Fe** hydrolysis and
precipitation in natural acidic environments, such as acidic soils and acid mine drainage systems
that have similar pH and Fe** concentration to those used in this study. In natural acidic
environments, sulfate is the major dissolved anion and controls Fe** hydrolysis and precipitation
(e.g., forming schwertmannite) because of the strong sulfate complexation to Fe** (Wang et al.,
2015a; Zhu et al., 2014). To understand the impacts of sulfate, one must first gain sufficient
understanding on Fe** hydrolysis and precipitation in the absence of strong Fe**-binding ligands.
Nitrate only negligibly binds Fe** and thus, Fe** hydrolysis and precipitation in nitrate solutions
under the acidic conditions in this work serves well as the control system for understanding Fe(l11)

behavior in more complicated natural acidic environments.

Experimental section

Sample preparation: The sample preparation procedure has been described in Zhu et al.
(2012). Briefly, reactions were initiated by pumping 4 mL 0.28, 0.32, 0.4, 0.8 or 1 M NaHCO;
solution at 5 mL-min™ using a syringe pump into a 30 mL plastic bottle containing 4 mL 0.4 M
Fe** nitrate solution to achieve [HCO;]/[Fe*] ratio (represented by h) of 0.7, 0.8, 1, 2 and 2.5.
The Fe** concentration in the mixed solutions was 0.2 M. The weak base NaHCO; was required
to minimize the formation of immediate precipitates (Flynn, 1984) during base addition and the
nitrate salt was chosen to minimize the anion effects on the particle formation when using sulfate
and chloride (Combes et al., 1989; Hu et al., 2012; Zhu et al., 2012). Upon introduction of
NaHCO; solutions, CO, bubbles were produced and rapidly emitting from the solutions because

of the low pH (< 3) of the mixed solutions. At such pH, HCOs;and COz* concentrations were
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minimal and not able to interfere with Fe** chemistry. In addition, the mixed solutions were
transparent and the particles formed were not observed to settle over may weeks. Thus, it is
extremely challenging to isolate the particles for phase identification to examine their changes
with time at the early stage of particle formation. The following in situ techniques, i.e., directly

measuring the partially-neutralized solutions, are more suitable.

Reference Fe oxyhydroxide preparation: Two-line ferrihydrite was synthesized by adding
NaOH to Fe(NOs); solution and maintaining the suspension at pH 7, as described in Zhu et al.
(2014). Ferrihydrite was air dried prior to XAFS data collection. The goethite (~ 25 nm
nanoparticles) reported in Zhang et al. (2011) was used for XAFS data collection in this study.
Lepidocrocite XAFS spectra used in this study were previously reported in Shimizu et al. (2013).

UV-vis Spectroscopy and pH measurement. Each mixed solution was immediately
transferred to a quartz cuvette (1-mm path length) and measured with an Agilent UV-Vis
spectrophotometer (model 8453) for time-resolved UV-vis spectra. Five second of integration
time was used for continuous recording of the spectra. Meanwhile, the solution was measured for
pH which was automatically recorded every 20 s using a pH meter calibrated with pH 1, 1.68, 2

and 4 buffer solutions.

In situ time-resolved synchrotron X-ray diffraction (SXRD). Time-resolved SXRD 2-D
images were collected using X-rays of 58.29 keV (A= 0.2128 A) and a Perkin Elmer amorphous
silicon detector at beamline 11-ID-B at the Advanced Photon Source, Argonne National
Laboratory. The high flux of the X-rays of this beamline is the key for collecting high signal-to-
noise ratio XRD data from particles in dilute particle suspensions. The mixed solutions were
encapsulated in 4 mm diameter Kapton capillary tubes for time-resolved measurements. The first
pattern for each sample was recorded at about 4 min after the initiation of the base addition,
which was also true for the following QEXAFS data collection. The exposure time was 3 s and
this was repeated 10 times for a total collection time of 30 s for each pattern. The XRD pattern of
an un-neutralized 0.2 M Fe nitrate solution (h = 0) was used for background removal. The Fit2D
analysis program (Hammersley, 1998) was used to integrate and convert the 2-D images to 1-D
intensity versus wave vector (Q) data. The sample-to-detector distance, beam center position and

tilt angle of the detector relative to the beam path were calibrated using a CeO, standard.

QEXAFS spectroscopy. Each mixed solution was immediately transferred to a 2 mm
thick, 15 mm long and 10 mm wide cell made from acrylic plastic plate. Kapton film was used to

seal both sides of the cell to hold the solution. QEXAFS spectra were recorded in transmission

5



153
154
155
156
157

158
159
160

161
162
163
164
165
166
167
168

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

mode at one scan per 2 s. A time-resolution of 30 s was resulted by averaging 14 or 15 continuous
scans of QEXAFS spectra to improve counting statistics. The measurements were conducted
using a specially equipped monochromator with a Si (111) crystal at beamline X18A at the
National Synchrotron Light Source (Khalid et al., 2010). Higher order harmonic X-rays were

minimized by detuning the monochromator by 35% with respect to I,.

The powder Fe oxyhydroxide references were ground finely and uniformly spread on
Scotch tape for EXAFS data collection in transmission mode using a Si (220) monochromator

crystal at beamline 4-1 at the Stanford Synchrotron Radiation Lightsource (SSRL).

EXAFS spectra were converted into k*y (k) and Fourier transforms |y (R)| were calculated
over k = 3 - 14 A™ using the Bessel-Kaiser window function after background removal and
normalization. Linear combination fitting (LCF) analysis of QEXAFS spectra was performed
over 2 — 12.5 A in k space with the component sum forced to 1.0. Only four components were
used for the LCF fit of each spectrum. Athena (Ravel and Newville, 2005) was used for the above
data reduction and processing. For selected samples, EXAFS shell-by-shell fitting was performed
using the SixPack program (Webb, 2005) to obtain the average local atomic environment of iron

atoms.

Maossbauer spectroscopy. To assist in identifying Fe species, Mdssbauer spectroscopic
analysis on frozen solutions was performed for the h = 1 time series as well as the h = 0 solution,
with the latter not being observed to change with time. The h = 1 solution was sampled at 2 min,
30 min and 350 min after the completion of base addition. Then each solution was quickly mixed
with 50 % glycerol (v/v), hand shaken, transferred to a plastic cylindrical container, sealed, and
then immediately immersed into liquid nitrogen. This process was timed and took 90 + 10
seconds per sample. During freezing, the samples were quickly and constantly moved around in
the liquid nitrogen bath using a metal tweezer to hold the samples. We estimate that the freezing
of each sample was completed in about 1 minute/less than 2 minutes. The frozen samples were
glassy and transparent (yellow or colorless) due to the glycerol addition. We sometimes heard the
formation of one large crack in the glass 1-2 minutes after the freezing was initiated. *'Fe
Mdossbauer spectra were collected from the frozen solutions at T = 22 K or 80 K in transmission
mode using constant acceleration spectrometers with sources of *’Co in Rh. The spectrometers
were calibrated using a 12.5 um foil of a-Fe. The temperatures were controlled using a

closed-cycle helium refrigerator from APD Cryogenics. The procedure for fitting these spectra is
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described in a previous study (Zhu et al., 2013). Isomer shifts are given relative to that of a-Fe at

room temperature.

Quantum chemical calculations. The above experimental analyses discovers that u-0xo
dimer is the dimer present during condensed phase formation. As dihydroxo dimer is more likely
to be the precursor for polymerization, one of the possible conversion pathways from the u-0xo to
the dihydroxo dimer has been proposed based on a density functional theory (DFT) calculation,
including the structures of the transition states (TS) and the reaction products (MIN) involved in
the reaction path. The method ub3lyp/6-31g(d) implemented in Gaussian03, was used for the
energy optimization of the structures in the gas phase first. Then the gas-phase-optimized
structures were calculated for single-point energies with the inclusion of the solvation model
(IEFPCM).

Results

UV-vis spectroscopy. Figure 1 shows the spectra of the h = 0.7 -2.5 solutions in the
range of 350 nm — 600 nm. The UV-vis spectra at all h are time dependent (Figure 1), suggesting
the Fe species are changing in concentration and/or structure. At h = 0.7, two bands at 447 and
497 nm, characteristic of p-oxo dimers (Zhu et al., 2013), are identified in the initial spectrum
using 2™ derivatives (EA-1). The bands gradually disappear with increasing time (Figure 1).
Meanwhile, a broad electron pair transition (EPT) band at 488 nm characteristic of Fe oxide
particles with defined structure (Smolakova et al., 2010; Zhu et al., 2012), emerges and grows
(Figure 1). It takes about 4 hours for the evolution to reach a pseudo steady state. These
observations indicate that with increasing time the p-oxo dimer decreases in concentration while
Fe oxide particles form and increase in abundance. The initial spectrum also has a weak band at
818 nm which shifts to 826 nm with time (Figure 2). This band slightly deviates from the 813 nm
band of p-oxo dimers (Zhu et al., 2013). Fe oxide particles usually have bands at 850 nm and
above and the band positions move to longer wavelength as particle size increases (Zhang et al.,
2011; Zhu et al., 2012). Thus, the deviation and shift can be ascribed to the interference from the

emerging particles that increase in abundance and/or particle size.

The UV-vis spectra of the h = 0.8 solution show a similar trend as those of the h = 0.7
solution, but the evolution takes only about 40 mins to reach its pseudo steady state. As to the h >
1 solutions (Figure 1), the two characteristic bands of the dimers are not observed, but the 488 nm
band is pronounced initially and grows with time, indicating that a significant amount of particles

had already formed by the time the first spectrum was measured (at ~ 2min), and that their
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concentration increased with time. In addition, the bands of the h > 1 solutions beyond ~ 800 hm
are located at higher wavelength (826 - 894 nm) compared to the corresponding bands of the h =
0.7 and 0.8 solutions, and also the bands dramatically shift to longer wavelengths as h increases
(Figure 2). This indicates that the bands must be dominated by the characteristics of the Fe oxide
particles rather than the dimers. As explained above, the shifts imply changes in particle

abundances and/or size.

Note that all solutions could also contain Fe** monomers because of the partial
neutralization, but the UV-vis bands of monomers, located below 400 nm, are too strong to be
measured at the Fe concentration (0.2 M) used. The presence of monomers, however, is

confirmed by the EXAFS and Mdssbauer analyses in the following sections.

Synchrotron-based XRD (SXRD). This approach was previously demonstrated to be
effective in in situ characterizing the mineral phases of Fe oxyhydroxide particles being formed in
partially-neutralized Fe** sulfate solutions (Zhu et al., 2012). In the present study, this approach
was used for the partially-neutralized Fe** nitrate solutions (Figure 3). The peaks of the h = 0.5
solution belong to diffuse scattering, rather than Bragg diffraction. With increasing neutralization
ratio, the peaks increasingly resemble those of the 2-line ferrihydrite reference phase. The peak at
3.16 nm™ of the h = 0.5 solution, which can be attributed to the scattering of some unknown
solution species, becomes less significant at higher h because of increasing dominance of
ferrihydrite particles. At each h, SXRD patterns show changes towards 2-line ferrihydrite with
increasing time. The changes are more pronounced at lower h (excluding h = 0.5), suggesting
more changes in Fe speciation occurring at lower neutralization ratios with time. The following
QEXAFS spectroscopic analyses were used to further identify and quantify the particle phases as

a function of reaction time.

QEXAFS spectroscopy. To identify the Fe polymers formed in the partially neutralized
Fe** nitrate solutions, previous studies used EXAFS shell-by-shell fitting (Combes et al., 1989;
Masion et al., 2001; Masion et al., 1997a; Masion et al., 1997b; Pokrovski et al., 2003; Rose et al.,
1997a; Rose et al., 1996; Rose et al., 1997b). Such fitting determines the average local atomic
structure (e.g., Fe-Fe linkages) within 6 A of the absorbing atom and potentially can be used to
infer the structure of small Fe molecular clusters, such as dimers (Zhu et al., 2013). However, the
average local structure information does not afford unambiguous species identifications in an
admixture system containing multiple Fe species, such as the Fe solutions in this study. In

addition, the presence of multiple species may make determination of the local structure using the
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EXAFS shell-by-shell fitting difficult. For instance, Fe** monomers contribute to “second shell”
R peaks in the Fourier transforms (FT) because of the strong multiple scattering (MS) within the
first O shell and the single scattering from the second-shell water molecules (Zhu et al., 2013),
interfering with the FT peaks of the Fe shells corresponding to the corner-sharing structural unit
(R + AR =3 - 3.5 A) in condensed Fe species. Failure to consider the effects of MS during
EXAFS shell-by-shell fitting can lead to errors in the determined Fe-Fe distances. Further, it is
difficult to reliably determine Fe-Fe distances when the condensed species only account for a

small fraction of the total Fe, as is typically the case in the early stages of Fe oxide formation.

Linear combination fitting (LCF). EXAFS LCF analysis, by which EXAFS spectra in k
space of several known compounds are summed linearly to construct spectra of samples, has been
used to identify and quantify each metal species in samples containing multiple species (Hansel et
al., 2005; Zhu et al., 2012). The LCF analysis is not subject to the difficulties inherent in the
shell-by-shell analysis, and thus is more appropriate for this study. Use of EXAFS in the LCF
fitting requires a pool of EXAFS spectra of known compounds or solutions, each of which ideally
contains only one single Fe species. These species should encompass all possible major Fe
species in the sample. An alternative approach is used in this study, which is described in detail as

follows.

According to the UV-vis analysis, the h > 0.7 Fe solutions contain dimers and particles as
well as monomers. The particles can be represented by the known Fe oxide phases, but it is
impossible to prepare a pure solution for each type of Fe monomer because multiple types always
coexist (except Fe(H,0)s**, a pure solution of which can be prepared under extremely acidic
conditions). This is also the case for the p-oxo dimer, although solid crystals containing these
dimers in a crown ether matrix can be synthesized (Junk et al., 1999). To conquer this obstacle,
we fit the EXAFS spectra of the dissolved Fe species in the h > 0.7 solutions using the spectra of
the h < 0.5 solutions (h = 0, 0.2 and 0.5) and allow their abundances to vary. As reported
previously (Zhu et al., 2013), h < 0.5 solutions contain mainly p-oxo dimers, Fe(H,0)¢**, and a
small amount of Fe(OH)(H,0)s%*. The molar fractions of each species in these three solutions are
provided in EA-2. The spectra of the h > 0.7 solutions can be fit with the spectra of the h < 0.5
solutions and Fe oxide solid phases, allowing quantification of the monomer and dimer

concentrations. For example, the dimer (Fgimer) atomic fraction can be calculated as:

Faimer = ficeno X faimerno + fLernoz X faimernoz + fLcenos X Taimernos
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where f g represents LCF-determined contribution of each solution (i corresponds to each of the
h =0, 0.2 and 0.5 spectra) to the spectrum fit, and fqimer; represents the dimer fraction in this
solution, which is known as shown in EA-2. The f_cr,; values can be negative or greater than 1 as
long as the ultimate Fgmer Value is between 0 and 1. EA-3 gives the LCF-determined contribution
of each solution, i.e., ficr,; values, for the time-resolved EXAFS spectra of solution samples
partially neutralized at h = 0.7, 0.8, 1, 2 and 2.5. Figure 4 show that the LCF fits are in excellent
agreement with the experimental data. The obtained atomic fraction of each Fe species is

illustrated in Figure 5.

Solid species. For the h = 0.7 and 0.8 samples, we tested for improvement of the fitting
by inclusion of component spectra for 2-line ferrihydrite, goethite (a-FeOOH), or lepidocrocite
(y-FeOOH). Inclusion of these solids slightly improves the fitting for the early reaction stage.
This indicates that the abundance of solids is very low initially, if present at all, and that the
abundance of solids increases with time. The red shift of the ~ 800 nm band in the first UV-vis
spectrum of the h = 0.7 and 0.8 solutions supports the presence of Fe oxides at low concentration
(Figure 2). Inclusion of solids dramatically improves fitting for the late stage, with ferrihydrite
inclusion clearly yielding the best fit (EA-4). This result indicates that ferrihydrite is present in

late stage solutions.

For the h > 1 samples, using 2-line ferrihydrite in LCF results in much better fits than
using lepidocrocite and goethite (EA-4). Interestingly, inclusion of a small fraction of
lepidocrocite (~ 5%) in fitting h = 2 and 2.5 samples significantly improves the goodness of fit
(by 15% and 27%, respectively, EA-4). The lepidocrocite fraction, however, is below the

detection limit of LCF analysis and its existence in the solution is questionable.

As shown in Figure 5, the solid concentration (probably ferrihydrite) increases with
increasing time and h. The curves of both h = 0.7 and 0.8 display a sigmoidal shape, and it takes
about 4 hours and 1 hour, respectively, to reach plateau, consistent with the time required for
features in the UV-vis spectra to reach steady state. At h = 0.7, the solid concentration in the early
stage is very low and does not change appreciably with time, suggesting the existence of an
incubation period. A similar lag also occurs in the h = 0.8 case, but it is shorter than in the h = 0.7
solution. In contrast, there is no evidence for an initial incubation period in curves of the h > 1
solutions, and significant amounts of ferrihydrite are present at first measurement (the fraction of

Fe as ferrihydrite ranging from 0.1 to 0.6).

10
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To further investigate ferrihydrite formation, the kinetic data were fit with an Avrami
model, yielding parameters given in Table 1. The k, values increase, indicating that ferrihydrite
formation becomes faster as h increases. The parameter n,, which relates to particle shape, has
values close to 2 at h = 0.7 and 0.8, suggesting formation of platy ferrihydite particles, as reported
in previous studies (Harrington et al., 2011b; Schwertmann et al., 1999). The smaller n, values at

h > 1 could be due to inability to collect data very early in the experiment.

Dissolved species. The spectral fit data indicate that hydrated monomer (Fe(H,0)s>") and
p-oxo dimer are the dominant species in all experiments (Figure 5). The initial dimer
concentration depends upon h, increasing to the maximum 56% at h = 0.8 and then decreasing to
10% at h = 2.5 (Figure 5 a). Subsequently, the p-oxo dimer concentration decreases with time at
each h (Figure 3 b-f).

Intriguingly, the Fe(H,0)¢>* concentration increases significantly with time at h = 0.7, 0.8
and 1 (Figure 5, b - d), yet it barely changes with time in the h = 2 and 2.5 solutions (Figure 3, e -
f). However, results for the h = 2 and 2.5 solutions may be inaccurate, as both UV-vis and
EXAFS spectral changes are small and fitting is subject to a larger relative error than in other
solutions. The hydrolyzed Fe monomer (Fe(H,0)s(OH)*") accounts for ~ 5% of the total Fe in all
experiments, and its concentrations slightly decrease with time. According to the species
distribution calculation, the concentrations of monomers such as Fe(OH)y(H,0)s",
Fe(OH);(H,0):’ and Fe(OH),(OH,)" are extremely low (atomic fractions < 10, 10°® and 10™,

respectively), thus they are not included in Figure 3.

The pH of the solutions, ranging from 1.85 to 2.7, decreases with time after the base
addition, except for the h = 0.7 solution (Figure 5g). The increase in pH in the h = 0.7 solution is
slight, and may be a measurement error. Using the pH values and total dissolved Fe
concentrations (the total minus the Fe concentration in solid forms) and assuming that the
dissolved species reach equilibrium instantaneously, we estimated the time-dependent
concentration of the dissolved Fe species using the reported dissociation and formation constants
(Stefansson, 2007) (EA-5). The results are broadly similar to those obtained from spectral fitting,

validating the assumption.

The average local structures. The LCF results are consistent with the changes observed
in the EXAFS Fourier transforms, as shown in Figure 6. For the h = 0.7, 0.8 and 1 solutions, the
O peak maxima significantly shift to lower R with increasing time, suggesting a shortening of the

average Fe-O bond length, which can be ascribed to the changes in the abundance of both pi-oxo
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dimers and ferrihydrite as shown in the LCF analysis. The Fe octahedron in the p-oxo dimer has
five quite long Fe-OH, bonds (2.08 A on average) whereas the Fe-O bond lengths in ferrihydrite
are shorter than that of Fe(HZO)G3+ (dee.orz = 2.0 A) (Junk et al., 1999; Junk et al., 2002; Zhu et al.,
2013). Consequently, the decreasing abundance of p-oxo dimers and the increasing abundance of
ferrihydrite contribute to the Fe-O bond length shortening. The dimers may contribute more than
ferrihydrite to the shortening because of the greater decreases in the dimer concentration. EXAFS

shell-by-shell fitting results are given Table 2.

Madssbauer spectroscopy. We recorded Mdssbauer spectra at 22 K in zero applied field
for the h = 1 solution at 2, 30 and 350 minutes after base addition, as well as the h = 0 solution
(Figure 7). The obtained parameters are given in Table 3. The spectrum of the h = 0 solution
contains a magnetically split component (S,) with a magnetic hyperfine field By~ 58 T, isomer
shift & ~ 0.50 mms™ and a negligible quadrupole shift. This component is attributed to Fe**
monomers Fe(H,0)s** with slow paramagnetic relaxation (Knudsen, 1977; Knudsen et al., 1975;
Koch et al., 2009; Mgrup and Knudsen, 1986; Zhu et al., 2013). In addition, the spectrum
contains a ferric doublet (D,) with a quadrupole splitting of 1.68 mm-s™ and isomer shift of 0.59
mm-s™* corresponding to a p-oxo dimer (Junk et al., 1999; Knudsen et al., 1975; Zhu et al., 2013).
For the h = 1 solution at 2 min and 30 min, an additional sextet (S,) with a hyperfine field of
about 55 T, and an additional doublet (D) with a quadrupole splitting of 0.64 mm/s and an
isomer shift of 0.51 mm/s, were observed. Besides these, the spectrum of the 350-min sample
also contains another sextet (S;) with a hyperfine field of ~ 44 T that could correspond to
ferrihydrite, schwertmannite or lepidocrocite (Murad, 1988; Murad et al., 1988). In combination
with the above EXAFS LCF analysis, we conclude that this Mdssbauer component must arise
from ferrihydrite, and the S, sextet may be ascribed to Fe(OH)(H,0)s>".

To identify the Fe species of Dy, a Mdssbauer spectrum was collected at 80 K for the
350-min sample, showing that D, gains intensity in the expense of the S, sextet’s intensity with
increasing temperature (EA-6). This suggests that Dy corresponds to the same Fe species (i.e.,
ferrihydrite) as S, rather than small oligomers that only produce spectral doublets and do not gain
intensity as temperature increases. The doublet represents ferrihydrite particles above their
superparamagnetic blocking temperature, and suggests that a fraction of the ferrihydrite particles
are smaller in size or less crystalline than those giving rise to the S, sextet at 22 K. We note that
in order to account for species with magnetic relaxation time on the order of a few nanoseconds,

especially from monomeric species, a broad singlet must also be included in the fits of all spectra.
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The atomic fractions of the Fe species were obtained based on their peak areas, i.e., the
recoil-free fraction of all types of Fe species were considered equal. As shown in EA-7, the
monomer and particle abundances increase while the dimer abundance decreases with increasing
reaction time, consistent with the EXAFS and UV-vis analyses. Note that the absolute fraction
values are not correct because of the presence of the very broad singlet that is wider than the

measured velocity range and accounts for more than half of the whole area of the fits.

Quantum chemical calculations. The energy-minimized structures are given in the
electronic annex (EA-8), which are used to construct a possible reaction pathway for the p-oxo to
dihydroxol dimer conversion (Figure 8). This pathway consists of three major steps, i.e.,
dehydration, protonation of the p-oxo oxygen, and ring closure.

1) Step 1: dehydration (MIN1— TS1— MIN2): One H,O molecule is moved from the
inner-sphere to the outer-sphere.
2) Step 2: protonation (MIN2 —TS2 —MIN3): The x-oxo O gets one H* from a H,O
molecule. Then the H,O molecule becomes OH'".
3) Step 3: ring closure (MIN3 — TS3 — MIN4): The OH- binds to the other Fe and forms a
new bridge Fe-OH-Fe, and consequently, the dihydroxo bridge forms.
Among the three, the protonation step has the largest energy barrier (67 kd/mol), which could be

the rate-limiting step, probably leading to a slow dimer conversion rate.
Discussion

Summary and comparison to previous studies. The UV-vis analysis identified p-oxo
dimers and Fe oxides of defined structure, and qualified their concentration changes. The in situ
SXRD analysis identified the Fe oxide phase as 2-line ferrihydrite, which was confirmed by the
EXAFS LCF analysis. The dimer and the Fe oxide, as well as monomers, were further quantified
using the LCF analysis. In addition, the identities of the Fe species at h = 1 and their abundance
evolution trends are further corroborated by the Mdssbauer analysis. Based on these analyses, we
conclude that Fe monomers, dimers and ferrinydrite are the major Fe species in these partially
neutralized solutions; the dimers decrease and the other two species increase in abundance with
increasing reaction time. The results imply that the previously “so-called” cationic Fe polymers of
indefinitive structure (Rose et al., 1997b) are actually a ferrihydrite-like phase. The goethite
nanoparticles observed in Johnston and Lewis (1986) could be due to the relatively long time
aging (48 — 143 h) during which ferrihydrite could transform to goethite. It is not surprising that

ferrihydrite is formed because the standard method for ferrihydrite synthesis involves quick
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addition of strong base to a Fe** solution until pH reaches pH 7. Schwertmann et al. (1999) found
that a schwertmannite-like Fe oxyhydroxide phase is formed in nitrate solutions, and that this acts
as a precursor and converts to ferrihydrite with time. However, their experiment was conducted at

high temperature (80 °C) and thus the result is not directly relevant to the present study.

The trends of the abundances of the monomers and dimers with increasing time are
opposite to the trends observed in Johnston and Lewis (1986), although the conclusion is the
same regarding the absence of larger oligomers (e.g., trimers and tetramers). In contrast, edge-
sharing dimers, trimers and tetramers were suggested in Rose et al. (1997b) based on numbers
(CN) of neighboring Fe around the central Fe and the Fe-Fe distances obtained from EXAFS
shell-by-shell fitting. However, this determination is problematic because the obtained CNs are
actually equal to the atomic fraction (F) of the Fe species times the ideal CN of this species, i.e. F
X CNijgear- Thus, the obtained CNs of Fe for ferrihydrite are smaller than the actual values if
coexisting Fe monomers and dimers with smaller CNs of Fe are not considered in the fitting.
Failure to include monomers and dimers in the fitting of EXAFS spectra (Rose et al., 1997b)

could lead to misidentification of ferrihydrite particles as oligomers of some type.

The LCF analysis also suggested that a small fraction of lepidocrocite may be present at
h > 1. But this phase is not observed by the SXRD analysis, which could be ascribed to either its
absence or its low concentration. Note that lepidocrocite can form from aeration of Fe?* solution
as well as from neutralization of Fe** solutions, as shown in Wang et al. (2015b). In addition, the
use of air-dried ferrinydrite in the EXAFS LCF analysis may not perfectly represent the
ferrihydrite particles being formed in solutions despite their SXRD patterns being almost identical
(EA-9). This might artificially introduce lepidocrocite as another Fe solid phase in the LCF fitting

results for h > 1 systems.

The nucleation mechanism. Previous studies discussed the Fe oxide formation
mechanism by assuming that the dimer is the dihydroxo form (Johnston and Lewis, 1986;
Schneider, 1984; Schwertmann et al., 1999); then dimer aggregation or monomer addition to the
dimers leads to formation of larger oligomers, and eventually to nuclei. This seems reasonable, as
the edge-sharing motif in the dihydroxo dimer is one of the essential structural units of Fe oxides.
Recent studies have disagreed regarding the dimer structure in acidic nitrate and perchlorate
solutions, and there is strong evidence from prior studies (Junk et al., 1999; Junk et al., 2002; Zhu
et al., 2013) that the p-oxo form is the only form present. Intriguingly, the p-oxo dimer has a long
Fe-Fe distance (~ 3.6 A) and is not structurally compatible with any known Fe oxides. We
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consider two nucleation pathways that differ depending on whether or not the p-oxo dimer is

directly involved in the nucleation event.

In the first pathway, the w-oxo dimer participates in the nucleation and reconfigures so as
to contain essential edge-sharing and corner-sharing structural units found in ferrihydrite (Step 3
in Figure 8). Quantum chemical calculations show that the two types of dimers do not differ
substantially in their Gibbs free energies of formation (Panina et al., 2010; Zhu et al., 2013) and
likely, the dominance of the p-oxo dimer is kinetically favored. Thus, it is possible that a z-0xo
dimer first structurally converts to a dihydroxo dimer, and this is consumed in nucleus formation
fast enough to preclude its detection in solution (Step 4 in Figure 8). Similarly, failure to detect
oligomers (e.g., trimers or tetramers) does not completely rule out their importance. These also
may be transient species that are short-lived intermediate products. As the neutralization ratio h
increases from 0 to 2.5 or pH increases, more ferrihydrite forms initially (Figure 5a), suggesting
that high pH values favor the p-oxo dimer conversion to the dihydroxo dimer, or that the
dihydroxo dimer forms fast from monomeric Fe(lll) and rapidly reacts further. Note that the
dihydroxo dimer can be either the aquo form or hydrolyzed forms by dissociating H* (Johnston
and Lewis, 1986). In this model, conversion of the p-oxo dimer to the dihydroxo dimer would be

the rate-limiting step for further condensation reactions (Figure 8).

In the second pathway, the nucleation reaction does not involve g-oxo dimers and it
occurs through assembly of highly hydrolyzed monomers that could be neutral Fe(OH)3;(H,0)°
(Grundl and Delwiche, 1993; Pham et al., 2006; Rose and Waite, 2007). In other words, the -
oxo dimer is a metastable Fe species and has nothing to do with the Fe oxide formation, like the
role Keggin Aly; clusters play in gibbsite formation (Bi et al., 2004). However, under the solution
conditions used in this study (high [Fe*] and low pHs), the Fe(OH)s(H,0)° concentration is
extremely low (feeonys < 10®). Thus, Fe oxide formation via this pathway would occur very
slowly, in contradiction to the relatively fast reactions observed in our study. If the particles
nucleate and grow by addition of Fe(OH)s(H,0)°, the particle formation rates are proportional to
the concentration of Fe(OH)3(H,0)° (Pham et al., 2006; Rose and Waite, 2007). This dependence
is not observed in our study (data not shown). Thus, we favor the first formation pathway, at least

under the experimental conditions of this study, i.e., low pH and high [Fe*'].

The second pathway may be relevant under other conditions. The dimer abundance
depends on dissolved [Fe*'] and pH. At low [Fe**] and high pHs the p-oxo dimer fraction is low

and the fractions of highly hydrolyzed monomers are high (Stefansson, 2007). Thus, these
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monomers could be important in the initial Fe oxide nucleation under neutral and alkaline
conditions, such as Fe oxide precipitation resulted from aeration of Fe?*. (Pham et al., 2006; Rose
and Waite, 2007; van Genuchten et al., 2012; van Genuchten et al., 2014a; van Genuchten et al.,
2014b; Voegelin et al., 2010; Voegelin et al., 2013).

In either model, formation of ferrihydrite nanoparticles releases H*, which would favor
dissociation of the w-0xo dimers into monomers (Step 5 in Figure 8) (Lente and I. Fabian, 1998).
Such a process could explain the Fe(H,0)s** concentration increase during ferrihydrite formation.
The amount of the monomers consumed in particle formation, if any, is presumably less than the

amount of monomers newly produced by dimer decomposition.

A few recent studies indicate that ferrihydrite contains structural tetrahedral Fe** (Gilbert
et al., 2013; Harrington et al., 2011a; Hiemstra, 2013; Maillot et al.; Michel et al., 2010; Michel et
al., 2007; Peak and Regier, 2012). Thus, the further condensation processes, from dihydroxo
dimers into large oligomers and ferrihydrite nuclei, must involve formation of tetrahedral Fe**. As
the existence of dissolved tetrahedral Fe** is unlikely under strong acidic conditions, tetrahedral
Fe®* formation could occur much later in the condensation reaction. In this concept the oligomers
would increase to a size where well-defined (interstitial) tetrahedral sites would emerge as a
consequence of the three-dimensional connection of the FeOg octahedra. Some of these sites
would become occupied during further evolution into the lowest energy structural configuration.
A potential condensation pathway for formation of early oligomers is described in Figure 10. A
schematic representation of Gibbs free energy of each possible species versus an arbitrary

reaction coordinate for the condensation processes is provided in Figure 11.

Comparison to Cr** and AI**: Similar to Fe**, trivalent chromium (Cr**) and aluminum
(AI*) are highly hydrolysable cations. But compared to Fe**, relative lower electronegativity of
Cr®* and AI** results in slower hydrolysis and polymerization kinetics, and different intermediate
products (oligomers and polymers) as well (Jolivet et al., 2011; Jolivet et al., 2006). These
intermediate polycation products are relatively inert and have sufficiently long lifetime, enabling
separation and detailed structural characterization. In partially neutralized solutions, Cr** dimers,
trimers and tetramers have been identified (Friese et al., 2002; Stuenzi et al., 1989; Torapava et
al., 2009) whereas Aly; and Als, Keggin polycations are observed for AI** (Allouche et al., 2000;
Johansson et al., 1960). There have been no reports for analogous Cr®* Keggin structures,
possibly connected with the strong crystal field stabilization energy of Cr** in octahedral

coordination. Recently, Sadeghi et al. (2015) successfully synthesized o-Keggin isomer of Fe;;
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oxo-iron cluster. The cluster is a polyanion stabilized by Bi®" cation, instead of a polycation as
Al;;. The Feqs polyanion rapidly aggregates to ferrihydrite nanoparticles in agueous solution
without Bi** stabilization. The high reactivity could be one of the reasons for that we cannot
identify this cluster in the hydrolyzed nitrate solutions in the present study. The cluster may also
be a transient species or is not part of the reaction sequence. Additional work is required to
confirm the existence of the Fej;s a-Keggin cluster as an intermediate Fe species during

ferrihydrite precipitation through Fe** hydrolysis and polymerization processes.

Comparison to sulfate systems: Compared to Fe** hydrolysis and precipitation in
nitrate solution, distinct dissolved Fe clusters and solid Fe precipitates species were found in
sulfate solution under similar experimental conditions (Zhu et al., 2012). This indicates that
sulfate complexes with Fe** in those dissolved Fe®*" species in sulfate solution, leading to a
different Fe** hydrolysis and precipitation pathway. It is very likely that these Fe**-sulfate
clusters exist in natural acidic sulfuric waters as well, highlighting the strong control of sulfate on
Fe** geochemistry in these environments. The structures of the Fe®*-sulfate clusters are yet

unknown and warrant further studies.
Conclusions

Using multiple fast data-acquisition spectroscopic and X-ray scattering approaches, with
appropriately chosen Fe** concentration, type of neutralization base and EXAFS fitting
procedures, we discovered that the previously described “polymeric” intermediate product in
partially-neutralized Fe** solutions is actually ferrihydrite, representing the end solid product of
the hydrolysis reaction. We further found that only p-oxo dimers, and no other polymers, are
present in any substantial numbers in the neutralization systems. This fact points to a ferrihydrite
formation pathway starting from p-oxo dimers which must undergo structural reconfiguration
into transient dihydroxo dimers. Further condensation reactions, into oligomers and eventually
the ferrihydrite phase, must occur very quickly with low activation energy barriers, such that
these species, including dihydroxo dimers are not present in detectable concentrations using
available methodology. By providing novel kinetic data and Fe** speciation analysis, this work is
an important step towards a complete revelation of the complicated Fe** hydrolysis and
polymerization chemistry. These findings are also significant considering the important role of Fe
in many environmental and biogeochemical processes. For example, they provide a solid starting
point for understanding early Fe oxyhydroxide / oxide formation under more complicated

environmental conditions such as in acid mine drainage and acidic soils.
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Electronic Annex

EA includes the UV-vis spectra and their second derivatives, Fe** speciation in h0, h02
and h05 solutions, molar fractions of h0, h02, h05, ferrihydrite and lepidocrocite obtained
from the linear combination fitting (LCF) analysis, the goodnesses of the linear combination

fits, the quantitative results of the Mdssbauer analysis, DFT-predicted molecular structures, and

synchrotron-based XRD patterns of wet and air dried ferrihydrite.
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Table 1. Summary of Avrami kinetics parameters for ferrihydrite formation: F(t)/Fna=1-exp(-
kot™). R suggests goodnesses of fits. The fits were performed on the linear relationship of Ln(-
Ln(1- F(t)/Fmax)) ~ LN(t). The obtained intercepts and slops were used to calculate k, and n,.

h In(ka (MIin™)) Na Fax R
0.7 -8.00 £ 0.722 1.616 £ 0.146 0.110 0.765
0.8 -5.871+0.397 1.677+0.116 0.143 0.892

1 -0.995 +0.170 0.476 + 0.046 0.211 0.931

2 0.211+0.067 0.245 + 0.021 0.506 0.935
2.5 0.409 + 0.094 0.261 £ 0.028 0.707 0.934
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Table 2. Structural parameters obtained from EXAFS shell-by-shell fitting. Errors are
listed in the parentheses. The oxygen shells were fitted with both single and two oxygen
subshells (italic) in most of cases. Two oxygen subshells used same Debye-Waller

factors.
Samples R Shell CN Dist(A) ¢’ AE(ev)
h=0.7 0.0088 Fe-O  4.4(0.5)  2.041(0.007) 0.006(0.001) 5.2(1.2)
t=4min 0.0049 Fe-O1 52(1.4)  2.03(0.02)  0.007(0.002) 2.5(3.3)
Fe-02 0.6(0.8)  1.80(0.06)  0.007
h=0.7 0.0057 Fe-O  4.9(0.4)  2.026(0.006) 0.007(0.001)
t=250min  0.0053 Fe-O1 5.2(1.7)  2.02(0.02)  0.007(0.002) 3.4(3.9)
Fe-02 0.24(0.89) 1.80(0.22)  0.007
h=08 0.0076 Fe-O  4.3(0.4)  2.043(0.007) 0.006(0.001) 5.4(1.1)
t=4min 0.0039 Fe-O1 5.0(1.2) 2.03(0.01)  0.006(0.002) 2.9(2.9)
Fe-02 0.6(0.7)  1.81(0.06)  0.006
h=038 0.0046 Fe-O  4.7(0.4)  2.030(0.006) 0.006(0.001) 4.8(0.9)
t =60 min 0.0027 Fe-O1 3.6(2.2)  2.05(0.04)  0.004(0.003) 3.8(1.9)
Fe-02 1.1(1.7)  1.94(0.08)
h=1 0.0056 Fe-O  4.2(0.3)  2.038(0.006) 0.006(0.001) 5.0(0.9)
t=4min 0.0010 Fe-O1 4.5(0.5)  2.031(0.006) 0.005(0.001) 2.6(1.2)
Fe-02 0.57(0.24) 1.85(0.04)  0.005
h=1 0.030 Fe-O  4.6(0.3)  2.021(0.004) 0.006(0.001) 4.1(0.7)
t =60 min 0.0008 Fe-O1 45(0.7)  2.02(0.01)  0.005(0.001) 2.6(1.1)
Fe-02 0.55(0.37) 1.88(0.06)  0.005
h=2 0.0084 Fe-O  5.0(0.4)  2.010(0.006) 0.009(0.001) 2.8(0.8)
t=4min Fe-Fel 1.0(1.1)  3.08(0.03)  0.010(0.008)
Fe-Fe2 0.4(0.8)  3.41(0.09)  0.010
0.0078 Fe-O1 1.85(1.11) 1.94(0.04)  0.006(0.004) 2.5(1.3)
Fe-02 3.08(1.05) 2.04(0.04)  0.006
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Fe-Fel 0.97(1.3) 3.08(0.04)  0.010(0.009)
Fe-Fe2 0.4(0.9)  3.41(0.11)  0.010
h=2 0.0106 Fe-O  5.1(0.4)  2.005(0.006) 0.009(0.001) 2.7(0.9)
t =60 min Fe-Fel 1.7(2.4)  3.08(0.04)  0.014(0.010)
Fe-Fe2 1.2(2.3)  3.43(0.06)  0.014
0.093 Fe-O1 1.6(1.3) 1.92(0.04)  0.006(0.003) 2.0(1.5)
Fe-02 3.4(1.7)  2.03(0.04)  0.006
Fe-Fel 1.4(2.2)  3.07(0.05)  0.012(0.012)
Fe-Fe2 0.9(2.0) 3.43(0.08)  0.012
h=25 0.0106 Fe-O  5.2(0.5) 1.995(0.007) 0.010(0.001) 2.7(1.0)
t=4min Fe-Fel 1.3(0.7)  3.06(0.02)  0.010(0.004)
Fe-Fe2 0.40(0.69) 3.46(0.03)  0.005(0.011)
0.087 Fe-O1 3.1(1.4) 1.96(0.03)  0.006(0.003) 0.0087
Fe-O2 1.9(1.0) 2.07(0.04)  0.006
Fe-Fel 1.4(0.8)  3.07(0.02)  0.010(0.005)
Fe-Fe2 0.3(0.7)  3.47(0.04)  0.005(0.012)
h=25 0.0133 Fe-O  5.1(0.5)  1.992(0.008) 0.010(0.001) 2.7(1.2)
t =60 min Fe-Fel 2.1(21)  3.06(0.04)  0.013(0.009)
Fe-Fe2 0.8(1.7)  3.44(0.04)  0.008(0.014)
0.0116 Fe-O1 2.8(1.0)  1.95(0.03)  0.006(0.003) 3.5(1.4)
Fe-O2 20(0.7)  2.07(0.03)  0.006
Fe-Fel 3.2(3.9)  3.08(0.05)  0.017(0.01)
Fe-Fe2 1.4(2.9)  3.43(0.04)  0.011(0.012)
Ferrihydrite  0.0093 Fe-O1 2.5(0.6) 1.91(0.02) 0.005(2) 2.6(1.7)
Fe-02 2.0(0.4)  2.04(0.02)
Fe-Fel 1.9(1.2) 3.04(0.02) 0.012(05)  -0.3(1.7)
Fe-Fe2 1.9(1.2)  3.45(0.02)
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Lepidocrocite 0.069

Fe-O
Fe-Fe

4.8(0.4)
4.4(0.5)

2.004(0.005) 0.007(0.001) 2.6(0.7)
3.078(0.004) 0.007(0.001)
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774  Table 3. Fitting parameters of Mdssbauer spectra of the frozen solutions. The spectra
775  were fitted using the program mfit. Lines were constrained to be pair wise equal in width
776  and intensity. Additionally, the relative areas of sextet lines were constrained to be
777 3:2:1:1:2:3.

Isomer shift ~ Quadruple splitting  Hyperfine Fraction

& (mms?) AEq (mms™) field (%)
/Quadrupole shift Bhe (T)
£ (mms?)
h=0 Sextet (S,) 0.50 0.00 57.8 214
Doublet (D,)  0.59 1.68 -- 1.5
22k Singlet 0.49 -- -- 77.1
h=1 Sextet (S,) 0.49 -0.02 58.0 4.9
2 min Sextet (Sp) 0.49 0.14 55.5 11.2
22k Doublet (D,)  0.58 1.68 -- 13.7
Doublet (D,)  0.51 0.64 -- 9.8
Singlet 0.26 -- -- 60.5
h=1 Sextet (S,) 0.47 0.00 57.8 6.5
30 min Sextet (Sp) 0.55 0.12 55.4 12.0
22k Doublet (Da) 0.58 1.65 - 13.7
Doublet (D,)  0.49 0.67 -- 10.0
Singlet 0.49 - -- 57.9
h=1 Sextet (S,) 0.49 -0.01 57.9 10.5
5hr50min  Sextet (Sp) 0.44 0.13 55.2 8.2
Sextet (S¢) 0.39 0.00 43.6 5.9
22K Doublet (D,)  0.58 1.67 -- 7.5
Doublet (D,)  0.47 0.68 -- 7.6
Singlet 0.49 -- -- 60.4
h=1 Sextet (S,) 0.51 0.05 57.2 5.8
5hr50min  Sextet (Sp) 0.49 0.07 52.9 4.3
80k Doublet (D,)  0.57 1.63 -- 4.5
Doublet (D,)  0.47 0.72 -- 13.9
Singlet 0.49 -- -- 71.6
778
779
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Figure 1. Time-dependent UV-vis spectra of Fe*" nitrate solutions at neutralization ratios (h =

[NaHCO;]/[Fe*]) of 0.7 — 2.5 in the wavelength regime of 350 — 600 nm.
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Figure 2. Time-dependent UV-vis spectra of Fe*" nitrate solutions at neutralization ratios (h =
[NaHCO;]/[Fe*]) of 0.7 — 2.5 in the wavelength regime of 650 — 1000 nm .
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Figure 3. Time-resolved synchrotron-based X-ray diffraction patterns of each partially-
neutralized Fe(NO;); solution with increasing reaction time after mixed with NaHCO; at various
[HCO5)/[Fe*] ratios (h = 0.5, 1, 2 and 2,5). The XRD patterns were background removed by
subtracting the pattern of h = 0 solution. At each ratio, except h = 0.5, the patterns were changing
with time from the bottom to the top. The time increased from ~ 4 min to 64 min for h =1, to 34

min for h =2, and to 24 min for h = 2.5 with intervals all as 5 min.
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Figure 4. Linear combination fitting of the EXAFS spectra of the h > 0.7 solutions using
the h = 0, 0.2, 0.5 solutions and ferrihydrite. The fits for h = 2 and 2.5 also include

lepidocrocite.
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Figure 5. The initial concentration of each Fe species as a function of h (a) for partially
neutralized Fe®" nitrate solutions and the species distributions over reaction time (b-f). The black
curves were the fits for the ferrihydrite fractions using the Avrami kinetic model (cf. Table 2).
The distributions were determined using QEXAFS linear combination fitting. The relative fitting
errors are about 20% for dissolved species and 5% for solid phases. The time-dependent pH

evolution for each solution is given in (g).

(a) lepidocrocite
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Figure 6. The representative EXAFS spectra (a) and their Fourier transforms (b) of partially
neutralized Fe®" nitrate solutions. Red curves were the spectra collected at 4 min of reaction time
under each condition. Blue curves were the spectra collected at 250 min for h = 0.7, 65 min for h
= 0.8, 130 min for h = 1, 93 min for h = 2 and h = 2.5. The spectra of the h = 0.5 solution,

ferrihydrite and lepidocrocite were plotted as references.
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Figure 7. Mdssbauer spectra and their fits of h = 0 and 1 solutions at various reaction time. The

spectra were obtained at temperature T = 22 K. Each fit contains a singlet, multiple sextets and

doublets. The spectral curve of each fit component is color coded to the identity of the component

(cf. the figure legend). Fitting parameters are provided in Table 3.
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- TS2 >MIN3; Ring closure: MIN3 - TS3 - MIN4. MIN stands for minima while TS for

transition state.
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863  Figure 10. Potential pathways for further condensation. The pathway involving steps 4, 6 and 7

864  leads to formation of ferrihydrite nuclei.
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