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Abstract: Iron(III) hydrolysis in the presence of chloride ions yields akaganéite, an iron
oxyhydroxide mineral with a tunnel structure stabilized by the inclusion of chloride. Yet, the
interactions of this anion with the iron oxyhydroxide precursors occurring during the hydrolysis
process, as well as its mechanistic role during the formation of a solid phase are debated. Using
a potentiometric titration assay in combination with a chloride ion-selective electrode, we have
monitored the binding of chloride ions to nascent iron oxyhydroxides. Our results are consistent
with earlier studies reporting that chloride ions bind to early occurring iron complexes. In addition,
the data suggests that they are displaced with the onset of oxolation. Chloride ions in the akaganéite
structure must be considered as remnants from the early stages of precipitation, as they do not
influence the basic mechanism, or the kinetics of the hydrolysis reactions. The structure-directing
role of chloride is based upon the early stages of the reaction. The presence of chloride in the
tunnel-structure of akagenéite is due to a relatively strong binding to the earliest iron oxyhydroxide
precursors, whereas it plays a rather passive role during the later stages of precipitation.

Keywords: akaganéite; iron(III) hydrolysis; iron oxide; ion-selective electrode measurements;
titration assay

1. Introduction

The hydrolysis of iron(III) salts leads to a broad variety of iron(oxyhydr)oxides depending
on many different parameters such as pH, temperature and the anion present in the reaction
mixture [1–11]. These iron(oxyhydr)oxide species play an important role not only for numerous
applications but also as crucial materials for living organisms in different habitats [1,12,13]. In
biomineralization processes, bacterial cells produce a variety of iron minerals by precipitation,
whereas the organisms control the structure of the forming solid using different strategies [1,14–18].
For example, the negatively charged cell walls of iron mineral producing bacteria can bind the iron
cations. Nucleation and growth is then induced at the cell wall [14,18,19]. In these cases, the products
of biomineralization resemble the precipitates that are found in purely inorganic environments and
factors such as the presence of certain counter-ions determine which iron phase is formed [14].
Hence, understanding of inorganic mineralization is crucial for the understanding of the formation of
minerals by bacteria. Besides the precipitation processes induced by bacteria, several organisms are
known to transform iron (oxyhydr)oxides by oxidation or reduction reactions [1,13,15,16,20]. Typical
precursor phases for the transformation into the mixed-valent magnetic iron oxides magnetite and
maghemite are poorly crystalline phases such as ferrihydrite or akaganéite [17,20]. Akaganéite itself
can be obtained by bioinduced mineralization [17].

In inorganic systems, the presence of chloride ions is known to play a directive role in the
formation of akaganéite [1–3,5–8,21]. This mineral exhibits interesting properties due to its tunnel
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structure, which can be exploited in different applications such as ion exchange or sorption [22–24].
While it is known that chloride ions are incorporated into the final structure of the product
when being present during the hydrolysis of aqueous iron(III) solutions, the complicated reaction
mechanisms of iron hydrolysis render a complete understanding of the directive properties of
chloride ions difficult. There have been ongoing debates on fundamental questions concerning
the reaction stage, at which the chloride ions direct the development towards akaganéite and get
incorporated into the structure. It has been suggested that chloride ions react with the earliest species
occurring during the hydrolysis reaction [25], and are then removed by hydrolysis from the growing
colloidal species after being bound within mono- and dinuclear complexes [25,26]. Recent molecular
dynamics simulations indeed show binding of chloride ions to mononuclear complexes, but they
are released simultaneously already to the formation of polynuclear clusters [27]. In contrast to
these studies, so-called akaganéite embryos have been suggested to form the final precipitate via
aggregation [28,29]. These embryos are considered as early products of the hydrolysis with structures
resembling the final crystal lattice. For the latter case, expulsion of chloride ions from the first
coordination shell of iron(III) ions was detected at the very onset of hydrolysis.

In addition to the above examples, the mechanistic role of chloride ions during iron hydrolysis
has been discussed frequently. Dousma et al. [25] described iron complexes with chloride ions
in a bridging position for early, low molecular species. In this case, the hydrolysis reaction is
promoted in the presence of chloride ligands, due to a decreased distance of the iron cores and an
increased stability of the specific conformation, which facilitates the reaction [30]. This suggestion
contradicts the picture, in which the chloride ion is merely a passive spectator and bridging by
chloride is explicitly excluded, but instead plays a key role during later aggregation processes [26,27].
The presence of chloride in the hydrolyzed species was in this case attributed to an incomplete
replacement by hydroxo- or oxo-ligands [26,28], which is essentially determined by the kinetics of
the process.

Herein, we address these debated key questions regarding the influence of chloride during the
early stages of iron(III) hydrolysis in aqueous systems. A titration assay with a chloride ion-selective
electrode (ISE) was implemented to measure quantitatively the amount of free (i.e., non-reacted) and
bound chloride ions throughout homogenous, controlled hydrolysis experiments. This experimental
setup enables a quantitative access to the distinct, early stages of the reaction. Chloride ISE
measurements during iron(III) hydrolysis have not been reported previously, and complement the
abovementioned studies. This enables us to contribute to the ongoing debate on the role of chloride
during akagenéite formation.

2. Experimental Section

2.1. General

All chemicals were used as received: iron(III) chloride hexahydrate (Sigma Aldrich, St. Louis,
MO, USA, purissimum pro analysi, ACS reagent, 98.0%–102%), hydrochloric acid (Merck,
Kenilworth, NJ, USA, 0.1 M), sodium hydroxide (Merck, 0.1 M), sodium chloride (VWR, Radnor,
PA, USA, 99.9%), sodium nitrate (Merck, 99.5%), iron(III)chloride nonahydrate (Sigma Aldrich,
purissimum pro analysi, ACS reagent, ě98%), nitric acid (Sigma Aldrich, purissimum pro
analysi, reagent ISO, reagent European Pharmacopoeia, ě65%). All solutions and dilutions were
prepared with water of Milli-Q quality, generated with a Milli-Q Direct water purification system
(Merck Millipore, Billerica, MA, USA).

2.2. Titrations

The hydrolysis of the iron(III) salts was performed utilizing an automated commercially
available titration setup provided by Metrohm (Filderstadt, Germany). The titration device (836
Titrando), which operates two dosing units (800 Dosino) is controlled by a custom-made software
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(Tiamo 2.3, Metrohm). The dosing units are equipped with burettes holding special valves that
are designed to prevent diffusion and also allow dosing at minimal rates of 0.01 mL/min into the
titration reservoir. The valves were frequently cleaned with 0.1 M HCl. For the hydrolysis, 25 mL of
a 0.01 M HCl solution were adjusted to a desired pH value by the addition of 0.05 M NaOH solution.
Iron(III) chloride was dissolved in 0.1 M HCl to yield an iron concentration of 0.1 M. This solution
was dosed into the hydrochloric acid at a rate of 0.01 mL/min. During this addition, the pH-value of
the solution was measured with a pH electrode (Metrohm, EtOH-Trode, 6.0269.100), which features
an additional electrolyte reservoir shielding the inner electrolyte of the inbuilt reference electrode,
and automatically kept constant by the addition of 0.05 M NaOH. The outer electrolyte of the pH
electrode was replaced by 1 M KNO3 as the diffusion of the typically used electrolyte KCl through
the electrode membrane into the solution would lead to an increase of the chloride concentration.
3 M KCl was used as inner electrolyte solution owing to the requirements of the reference system.
The electrolyte solutions were replaced prior to every measurement. The pH electrode was calibrated
every week using standardized pH buffers (Mettler-Toledo, Giessen, Germany).

For the titrations with higher initial chloride concentration, 0.146 g NaCl was dissolved in the
25 mL hydrochloric acid, to which the iron(III) solution was added.

Replacement of chloride ions by nitrate was achieved by dissolving Fe(NO3)3¨ 9H2O in nitric
acid and adding this solution to 0.01 M HNO3.

Cl´-activities were measured with a solid-state ion-selective electrode (Metrohm, 6.0502.120).
Calibration measurements of the ISE were carried out by titrating a solution of 0.3 M NaCl and 0.3 M
NaNO3 to 0.01 M HCl that was previously adjusted to the desired pH value, while this pH value was
kept constant analogous to the titration experiments. For both investigated pH values, calibrations
were performed separately to account for activity effects [31], whereas the ionic strength was adjusted
as indicated above. Moderate continuous changes of the ionic strength during the actual experiments
were taken into account, based on the extended Debye-Hückel theory. The starting values of the ISE
signal at the beginning of each experiment slightly differed from the expected value of the (initially
known) chloride concentration. To avoid a systematic error, the electrode intercept obtained from
calibration was corrected to fit the starting concentration of each experiments. The minor respective
corrections were all within the standard deviation of the main electrode intercept determined by
averaging the complete data set of calibrations (N = 3 for each pH-value).

2.3. Isolation and Characterization of Precipitates

The solid products resulting from the titrations were isolated and characterized. Therefore, the
titration at pH 2.5 (respectively pH 2.7 for SEM/EDX analyses) was interrupted after titration over
night to obtain a sufficient amount of precipitate. As discussed below, for pH 2.0, no precipitate can
be obtained. The reaction solution was transferred into thick-walled polyallomer centrifuge tubes
(13 ˆ 51 mm, Beckman Coulter, Brea, CA, USA) and centrifuged for one hour at 32,000 rpm utilizing
a preparative ultracentrifuge (Beckman Coulter). The sediment was separated from the solution by
decantation and subsequently dried in a vacuum oven at 35 ˝C. Freeze drying of the isolated samples
yielded the same product (data not shown).

Powder X-ray diffraction (P-XRD) measurements were performed using an AXS D8 Advance
diffractometer with a Göbelmirror PGM by Bruker (Billerica, MA, USA). The experiments were
carried out with Cu Kα radiation at a scanning rate of 0.15 2θ/min and the diffractogram was
background corrected to account for iron fluorescence.

A tabletop microscope TM 3000 from HITACHI (Tokyo, Japan) was used for scanning electron
microscopy (SEM) images and EDX measurements of the samples.
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3. Results and Discussion

3.1. Binding of Chloride Ions during the Early Stages of Hydrolysis

Titrations performed at two different pH values are shown in Figure 1. The graph displays the
amount of base that is required to maintain a constant pH level, plotted versus the concentration of
added chloride ions (which correlates with the addition of iron(III)). It can be directly seen that for
pH 2.0, no hydrolysis occurs, while at pH 2.5, a significant, nonlinear consumption of hydroxide
ions is observed, which asymptotically approaches a linear progression. This behavior is the direct
consequence of the complex hydrolysis reactions occurring in aqueous iron(III) solutions above ca.
pH 2.2, whereas the ligand exchange of aquo- and chloro-ligands by hydroxo-ligands is monitored
throughout the reaction. This exchange results in the generation of protons, as hydroxo-ligands are
only accessible from the self-dissociation of water molecules, which is minor at this pH level, and the
remaining protons are neutralized by hydroxide titration so as to maintain a constant pH.

Iron(III) oxy(hydr)oxide formation is based on the hydrolysis, as it yields the precursors for
two distinct mechanisms of bridging iron complexes, i.e., olation and oxolation [32–34]. The linear
increase in the hydroxide consumption during the very early stage of the reaction (asymptote in
Figure 1a) shows that the ligand exchange yields iron(III) complexes that contain not more than
one hydroxo-ligand per iron center. Quantitatively, one hydroxo-ligand is present only in 40% of all
iron(III) complexes during the early stage of the experiment. This is also consistent with a maximum
of one hydroxo-ligand per iron(III) ion for this early stage of the reaction. Bridging of the iron(III)
complexes via hydroxo-ligands (olation) cannot be traced by the titration experiments, as no protons
are generated or hydroxides consumed, and additional analyses are required to evidence or rule out
the presence of any such polymeric species. This will be subject to other work. However, in any case,
the deviation of the hydroxide consumption from the initially linear slope is due to an increasing
amount of protons produced upon hydrolysis. Thus, it is evident that the reaction from this point on,
i.e., starting with the first deviation from linear behavior, produces species that exhibit an increasing
hydroxo/iron(III) ratio (which is about 2.8 at the end of the experiment). These species start to differ
significantly from the initial iron(III) complexes containing only one hydroxo-ligand per mononuclear
iron(III) center (and any potentially existing olation polymers thereof). In principle, it can be (i) the
production of mononuclear iron(III) complexes containing more than one hydroxo-ligand; and/or
(ii) a change in the speciation of the bridges in polynuclear olation complexes that may already exist.
In the latter scenario, oxolation—i.e., the bridging of iron complexes via oxo-bridges—can occur
via either (iia) the release of a proton from an existing olation bridge, or (iib) the condensation of
two iron(III) centers, each of which contains one hydroxo-ligand, and may or may not be part of
a polynuclear complex. While process (iib) leads to the release of a water molecule that cannot be
seen in the titration, it initially requires the exchange of two hydroxo-ligands (as opposed to one
for olation), and both principle changes in reaction from olation to oxolation (iia/b) will lead to an
increasing production of protons, as observed experimentally. In this context it should be noted
that reaction path (iib) is based on close contact of two iron(III) complexes containing hydroxide
ligands, which applies to only 40% of the iron(III) ions with an all-over iron(III) concentration range
below 2 mM in the linear regime of the titration. Thus, while we cannot categorically exclude any
oxolation via mechanism (iib) during this early stage of hydrolysis, it is rather unlikely to occur to
any significant extent in the linear regime of the titration curve.

The hydrolysis development can be contrasted with the measured concentration of free chloride
ions at both pH-values (Figure 1b), shown together with the theoretical concentration given by all
added chloride ions. The measurements at the two pH-values differ significantly from the theoretical
values. At pH 2.0, 5% of the added chloride ions cannot be detected in the solution, as they are bound
to the iron species, which, however, do not hydrolyze (Figure 1a). This gives a ratio of bound chloride
ions, i.e., chloro-ligands to iron(III) ions in the solution of about 0.25, indicating that on average,
about a quarter of the iron complexes present in non-hydrolyzing solution contain chloro-ligands. At
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Figure 1. (a) Titration data showing the amount of hydroxide ions consumed in the hydrolysis 
reaction at pH 2.0 and 2.5 as indicated. The added asymptote (blue dashed line) is a guide for the eye 
to identify the change in hydrolysis as the first deviation from the initially linear progression. The 
graphs represent individual experiments; the reproducibility of the titration data is in general very 
good as can be seen in Figure 3; (b) Corresponding development of the concentration of free chloride 
ions in the solution from measurements with a chloride ion-selective electrode (ISE). The total added 
amount, giving the theoretical chloride concentration, is shown in black. The graphs for titrations at 
pH 2.0 (red) and 2.5 (blue) are averaged values from at least three individual titrations (error bars 
display +/− 1-σ-standard deviations). 

The point at which the amount of bound chloride decreases coincides with the evident change 
in hydrolysis reaction discussed above, within experimental accuracy. Since iron(III) and chloride 
ions are continuously added, this leads to a decreasing Cl−/Fe3+ ratio. The fact that the change in the 
free chloride concentration coincides with the change in the hydrolysis mechanism (Figure 1a) 
strongly suggests that this point correlates with the onset of oxalation. This is because our data shows 
that within experimental accuracy, the hydroxo-ligand exchange, which initially yields mononuclear 
iron(III) complexes containing a single hydroxo-ligand (or olation polymers thereof), does not result 
in any release of chloro-ligands within experimental accuracy (asymptote in Figure 1a when 
contrasted with Figure 1b). This suggests a similar binding for aquo- and hydroxo-ligands at the 
corresponding concentrations, and we argue that additional hydroxo-substitution at single iron(III) 
centers (mechanism (i) discussed above) cannot explain the onset of chloro-ligand release. The 
formation of oxo-bridges (mechanisms (iia) and (iib) discussed above), however, will bring about a 
much stronger and hence less dynamic iron-oxygen-bridging, and from the point of view of ligand 
binding strengths, the observed release of chloro-ligands relates to the dehydration (release of  
aquo-ligands) upon condensation. This also confirms the findings of earlier studies, which claim that 

Figure 1. (a) Titration data showing the amount of hydroxide ions consumed in the hydrolysis reaction
at pH 2.0 and 2.5 as indicated. The added asymptote (blue dashed line) is a guide for the eye to
identify the change in hydrolysis as the first deviation from the initially linear progression. The graphs
represent individual experiments; the reproducibility of the titration data is in general very good as
can be seen in Figure 3; (b) Corresponding development of the concentration of free chloride ions in
the solution from measurements with a chloride ion-selective electrode (ISE). The total added amount,
giving the theoretical chloride concentration, is shown in black. The graphs for titrations at pH 2.0
(red) and 2.5 (blue) are averaged values from at least three individual titrations (error bars display
+/´ 1-σ-standard deviations).

The point at which the amount of bound chloride decreases coincides with the evident change
in hydrolysis reaction discussed above, within experimental accuracy. Since iron(III) and chloride
ions are continuously added, this leads to a decreasing Cl´/Fe3+ ratio. The fact that the change
in the free chloride concentration coincides with the change in the hydrolysis mechanism (Figure 1a)
strongly suggests that this point correlates with the onset of oxalation. This is because our data shows
that within experimental accuracy, the hydroxo-ligand exchange, which initially yields mononuclear
iron(III) complexes containing a single hydroxo-ligand (or olation polymers thereof), does not
result in any release of chloro-ligands within experimental accuracy (asymptote in Figure 1a when
contrasted with Figure 1b). This suggests a similar binding for aquo- and hydroxo-ligands at the
corresponding concentrations, and we argue that additional hydroxo-substitution at single iron(III)
centers (mechanism (i) discussed above) cannot explain the onset of chloro-ligand release. The
formation of oxo-bridges (mechanisms (iia) and (iib) discussed above), however, will bring about
a much stronger and hence less dynamic iron-oxygen-bridging, and from the point of view of
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ligand binding strengths, the observed release of chloro-ligands relates to the dehydration (release
of aquo-ligands) upon condensation. This also confirms the findings of earlier studies, which claim
that chloride ions are expelled from the nascent mineral with proceeding reaction [25–27]. In addition,
our data strongly suggests that the chloride ions indeed remain in the complexes during all stages of
hydrolysis, but that their partial expulsion begins with the onset of oxolation processes.

3.2. Chloride Content of the Formed Precipitates

Precipitates of titrations were isolated and characterized. Reflexes in the P-XRD diffraction
pattern clearly evidence the presence of akaganéite as can be seen in Figure 2a (the corresponding
reflexes are labeled by red diamonds). Drying effects from the isolation procedure cannot be excluded,
but by different drying methods (vacuum, 35 ˝C and freeze-drying) akaganéite was obtained,
indicating that drying effects play a minor role in this system, at least with respect to akagenéite
formation. EDX analyses (Figure 2b) enable an estimation of the chloride to iron(III) ratio of 0.09 in
the crystal structure. This is slightly higher than the reported chloride levels in akaganéite crystals,
which typically range from 2 to 7 mol % [1]. However, it has to be noted that the value obtained
here may be higher due to small amounts of NaCl in the sample. Nevertheless, the analyses confirm
akaganéite formation with incorporation of chloride ions into the crystal lattice. When comparing
this information to the titration experiments, our data indicate that the composition of the species
present during hydrolysis change throughout the proceeding reaction, starting as complexes with
a chloride to iron ratio of about 0.25, eventually resulting in akaganéite with a much lower ratio
of about 0.09. This strongly indicates that the suggested akaganéite embryos [28,29] can only occur
significantly after the onset of the oxolation processes. Earlier species contain distinctly more chloride,
and therefore, very likely have a different structure than the final akaganéite phase.
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Figure 2. (a) Powder X-ray diffraction (P-XRD) scattering pattern of the isolated solid phase. The red 
labeled reflexes correspond to akaganéite; (b) Left: SEM image of the precipitate. The scale bar is  
20 μm. Right: EDS result obtained from the region labeled with the yellow circle. 

3.3. Influence of Chloride Ions on the Mechanism of Hydrolysis  

The hydroxide consumption obtained from the titration data (see also Figure 1a) is a direct 
measure for the reaction rates, and can thus be used to identify any possible influence of chloride ions 
on the mechanism of hydrolysis. To that end, the titration experiment was carried out in the absence 
of chloride ions, where the FeCl3 salt was replaced by FeNO3, and instead of HCl, nitric acid was 
used. In another comparative experiment, the total chloride concentration of the reaction solution 
was increased by the addition of 0.9 M NaCl to the starting solution. The titration data of the 
experiments with different chloride concentrations are shown in Figure 3. It has to be noted that the 

Figure 2. (a) Powder X-ray diffraction (P-XRD) scattering pattern of the isolated solid phase. The red
labeled reflexes correspond to akaganéite; (b) Left: SEM image of the precipitate. The scale bar is
20 µm. Right: EDS result obtained from the region labeled with the yellow circle.

3.3. Influence of Chloride Ions on the Mechanism of Hydrolysis

The hydroxide consumption obtained from the titration data (see also Figure 1a) is a direct
measure for the reaction rates, and can thus be used to identify any possible influence of chloride
ions on the mechanism of hydrolysis. To that end, the titration experiment was carried out in the
absence of chloride ions, where the FeCl3 salt was replaced by FeNO3, and instead of HCl, nitric
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acid was used. In another comparative experiment, the total chloride concentration of the reaction
solution was increased by the addition of 0.9 M NaCl to the starting solution. The titration data of the
experiments with different chloride concentrations are shown in Figure 3. It has to be noted that the
difference between the titration data shown in Figure 3a and b derives from the difference in pH and
thus different hydroxide concentrations in the solution.
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Figure 3. (a) Comparison of the hydrolysis of iron(III) chloride (red) and iron(III) nitrate (black). The 
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of oxolation, and with it, a change in kinetics of hydrolysis would be expected as the chloride 
concentration increases, which is not observed (Figure 3). For the non-hydrolyzing solution at pH 2.0, 
an equilibrium ratio of free chloride to iron(III) ions is maintained. The same binding is observed 
within experimental accuracy for the early stages of the hydrolysis at pH 2.5, indicating that mainly 
aquo-ligands are replaced by the added hydroxide, whereas the binding of aquo- and hydroxo-ligands 
is similar at the corresponding concentrations. As opposed to pH 2.0, however, the free chloride 
increases during the later stages of the reaction at higher pH (Figure 1). This confirms not only that 
the chloride ions are displaced during the hydrolysis process; the data also strongly suggests that this 
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Figure 3. (a) Comparison of the hydrolysis of iron(III) chloride (red) and iron(III) nitrate (black). The
titration was carried out at pH 2.7; (b) Titration data with different initial chloride concentrations at
pH 2.5. The chloride concentration of the regular experiment of 0.01 M (red) was increased by the
addition of NaCl to 0.1 M (black).

The data shows that the presence of the chloride ions has no influence on the reaction rate before
and after the change in hydrolysis mechanism (arguably onset of oxolation), as the titration curves
show the same behavior within the margin of error for all the investigated chloride concentrations.
However, we cannot exclude any significant influence of the chloride ions at higher chloride- or
iron(III)-concentrations. Nevertheless, the kinetics is not accelerated by an increased concentration
of chloride ions in this concentration range, contradicting the results obtained by Dousma et al. [25].
In that work, different behavior for the consumption of base was observed depending on the
presence and concentration of chloride ions, already in a much smaller range of Cl´/Fe3+ ratios
than investigated here. However, when compared to the titration experiments presented herein,
the concentration of the solutions used and their mixing rates were significantly higher. This is
problematic as homogeneous reaction conditions are crucial to examine the early stages of the
reaction [8]. This implies that mixing artefacts may compromise the data of Dousma et al. [25].

4. Conclusions

This study shows that chloride ions actively bind to the earliest iron oxide precursors, but
still play a rather passive role throughout the hydrolysis reaction of iron(III). The titration data
evidence no influence on reaction rates, excluding any active chloride bridging of multinuclear iron
complexes—as opposed to earlier studies [25]. With chloride in a bridging position, an earlier onset
of oxolation, and with it, a change in kinetics of hydrolysis would be expected as the chloride
concentration increases, which is not observed (Figure 3). For the non-hydrolyzing solution at
pH 2.0, an equilibrium ratio of free chloride to iron(III) ions is maintained. The same binding is
observed within experimental accuracy for the early stages of the hydrolysis at pH 2.5, indicating
that mainly aquo-ligands are replaced by the added hydroxide, whereas the binding of aquo- and
hydroxo-ligands is similar at the corresponding concentrations. As opposed to pH 2.0, however, the
free chloride increases during the later stages of the reaction at higher pH (Figure 1). This confirms
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not only that the chloride ions are displaced during the hydrolysis process; the data also strongly
suggests that this process coincides with the onset of the oxolation reaction. After this event, the
portion of bound chloride remains constant, and the iron(III) to chloride ratio decreases, as more
and more iron(III) is hydrolyzed. This is very likely due to chloride ions being entrapped in the
evolving more rigid (oxolated) iron oxyhydroxide structure, and these ions essentially end up as the
chloride content in the final akaganéite mineral (Figure 2). It is intuitive that the final chloride content
depends on the specific kinetics of the process, and heterogeneous mixing effects may account for
the differing observations of Dousma et al. [25]. Moreover, as the composition of the earliest formed
complexes significantly differs from that of the final solid, and expulsion of chloride ions towards the
final crystal arguably takes only place after the onset of oxalation, akaganéite embryos [28,29] cannot
occur before the onset of oxolation.

Taken together, the directive role of chloride ions towards the formation of akaganéite most likely
arises from ordering processes within oxolated structures, which may be triggered by the aggregation
of oxyhydroxide clusters (that contain the chloride). The cluster-based formation mechanism of
iron oxyhydroxide is rather well established [32,33,35]. We speculate that the development of the
tunnel structure of akagenéite is driven by the system's continuing drive to exclude chloride upon
cluster aggregation and ongoing oxolation (i.e., dehydration), which is thermodynamically preferred.
However, it is kinetically hindered, if not impossible, owing to the rigidity of the aggregating oxolate
clusters containing the chloride, and the chloride ions inside of an iron oxyhydroxide tunnel structure
may be essentially conceived of as nanophase separation. From this point of view, the structure of
akagenéite may be a compromise between the thermodynamics and kinetics of the process of iron
hydrolysis in presence of chloride. Ultimately, the formation of akagenéite would be due to the
thermodynamically preferable binding of chloride in the earliest iron oxyhydroxide precursors, as
opposed to the final iron oxyhydroxide phases.
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