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The Fe(Il)-induced phase transformation of iron (hydr)oxides is an important process in the geochemical iron
cycle and is one in which the coexisting metal cations inhibit the phase transformation rates. However, the un-
derlying affecting mechanisms by metal cations and the critical property of metal cations that is responsible
for the inhibition remain unclear. In this study, we focus on the cation effect of seven divalent cations (denoted
as Me(II), including Mg(1I), Ca(1I), Ba(II), Mn(II), Co(II), Ni(II), and Zn(II)) and their influencing mechanisms on
Fe(lI)-catalyzed transformation processes of ferrihydrite. At initial reaction conditions (i.e. pH 6.5 and 2.0 mM
Fe(1I)), the binding ability (the affinity of cations for ferrihydrite surface) of Me(II) was found to affect the ferri-
hydrite transformation. Me(II) with higher binding abilities reduced the bound-Fe(II) amount on ferrihydrite and
decreased the redox potentials of the Fe(Il)-catalyzed system to inhibit the transformation rates of ferrihydrite. In
addition to the inhibition effect, the Me(II) was partly stabilized in the formed secondary iron minerals. The bind-
ing abilities of Me(II) also affected the Fe(Il)-induced transformation pathways of ferrihydrite by affecting the
amount of bound-Fe(Il) on ferrihydrite. Ferrihydrite was first transformed to lepidocrocite and later to goethite
and magnetite with Me(II) that had lower binding ability than Fe(II), whereas it was directly transformed to goe-
thite and magnetite when with Me(II) that had higher binding ability than Fe(II).
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1. Introduction

[ron minerals are one of the most active constituents of soils and play
crucial roles in the biogeochemical cycles of soil elements (Borch et al.,
2009). In addition to ferric reduction and ferrous oxidation, which were
considered to be the general reaction steps of the iron cycle, the direct in-
terplay between aqueous Fe(lII) species and the structural Fe(III) in soil
iron-bearing minerals is a more recently recognized reaction step in the
iron cycle (Suter et al., 1988; Larese-Casanova and Scherer, 2007;
Handler et al., 2014). The interplay mechanisms for electron transfer
and Fe atom exchange between the aqueous Fe(Il) and structural Fe(III)
have emerged from the evidences provided by spectroscopic techniques
and stable iron isotope tracers (Williams and Scherer, 2004; Pedersen et
al., 2005; Handler et al., 2009; Neumann et al., 2015). One of the most no-
table observations is the accelerated phase transformation of iron (hy-
dr)oxides, which leads to the formation of more stable iron
(hydr)oxides, such as goethite, magnetite, and hematite (Hansel et al.,
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2005; Pedersen et al., 2005; Boland et al., 2014b). This process has impli-
cations for altering the bioavailability of the metallic contaminants,
through being sequestered or released by the transformed iron (hydr)ox-
ides (Pedersen et al., 2006; Nico et al., 2009; Frierdich et al., 2011;
Frierdich and Catalano, 2012; Latta et al., 2012a).

Ferrihydrite is usually the first type of iron (hydr)oxide to be formed
in the course of iron mineralization and is thermodynamically unstable
compared with other crystalline iron (hydr)oxides (Cornell and
Schwertmann, 2003; Jang et al., 2003). This thermodynamically unsta-
ble (hydr)oxide has been confirmed to be one of the easiest iron (hy-
dr)oxides in recrystallization into lepidocrocite, goethite, and
magnetite by aqueous Fe(Il) species derived from either biotic or abiotic
processes (Hansel et al., 2003, 2005; Boland et al., 2014b). In addition to
the Fe(Il)-accelerated transformation mechanisms, the environmental
factors that affect the transformation rate and extent have also received
attention. These factors, such as pH, temperature, O, concentration, and
solution/solid-associated concentrations of Fe(Il), can significantly in-
fluence the Fe(Il)-induced transformation rates of ferrihydrite (Hansel
et al,, 2003, 2011; Das et al.,, 2011; Boland et al., 2013; Wang et al,,
2013; Boland et al., 2014a, 2014b).
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Metal cations are usually coexisted with or structurally incorporated
in iron (hydr)oxides in soils, especially in polluted soils with metallic
contaminants. Investigation of the effects of cations on the Fe(II)-in-
duced transformation of iron (hydr)oxides, therefore, is of great impor-
tance for understanding the iron cycle, as well as the environmental
geochemistry of soil metal contaminants (Borch et al., 2009; Frierdich
et al.,, 2011). Many coexisting cations have been reported to affect the
Fe(Il)-induced transformation rates and pathways of ferrihydrite in pre-
vious studies (Jang et al., 2003; Jones et al., 2009; Das et al., 2011;
Frierdich et al,, 2011; Hansel et al.,, 2011; Latta et al.,, 2012b; Boland et
al., 2014a). These previous studies also suggested possible influencing
mechanisms, but they were not fully explored. The concentration of
solid-associated Fe(II) on iron (hydr)oxides from aqueous Fe(lI) is im-
portant in determining the reaction rates (Hansel et al., 2005; Burton
et al., 2008; Reddy et al., 2015) and also affect the types of secondary
minerals produced (Hansel et al., 2003, 2005; Boland et al., 2014b).
Therefore, some studies have attributed the inhibition effects of cations
to the competitive adsorption with Fe(Il) and the consequently reduced
reactive surface sites available to Fe(Il) (Das et al., 2011; Hansel et al.,
2011). Other studies, however, have indicated that the degree of Fe(II)
uptake cannot fully explain the differences in the transformation rates
of iron (hydr)oxides, including ferrihydrite (Latta et al., 2012b; Boland
et al,, 2014a, 2014b).

The physicochemical properties of metal cations are the essential
factors that affect their behavior in reactions, such as the redox reac-
tions, complexation, precipitation, and hydrolysis, as well as their affin-
ities to iron (hydr)oxides (Rout et al., 2012; Dai and Hu, 2014).
Environmental factors have been reported to affect the Fe(II)-induced
reactions of iron (hydr)oxides (Hansel et al., 2005; Das et al., 2010;
Boland et al., 2014b), especially the pH (Hansel et al., 2003, 2005)
and Fe(Il) concentrations (Massey et al., 2014b), which has been
confirmed to be the important factors determining Fe(Il)-induced
ferrihydrite transformation kinetics and the end products. The in-
trinsic properties of metal cations, e.g., binding ability, ionic radii,
etc., are also expected to affect the transformation processes of ferri-
hydrite with metal cations when at the constant environmental con-
ditions. The presence of divalent metals is of particular interest
during the Fe(Il)-induced reaction of iron (hydr)oxides because
they have the same valence state as Fe(II). For example, Mossbauer
spectroscopy of Fe(Il)-accelerated ferrihydrite transformation in
the presence of some divalent cations, such as Zn(II), Cu(Il), and
Mn(II), indicated the formation of Fe(Il)-deficient magnetite by the
substitution of these divalent metals for structural Fe(II), due to the
similarity in ionic radius to that of Fe(Il) (Jang et al., 2003). One
recent study found that an increase in Fe(II) concentration at and be-
yond the monolayer on/in hematite could conceivably inhibit atom
exchange because the increase led to conditions that neutralized
the surface potential gradient (Frierdich et al., 2015). The surface-
layer Fe(II) on iron (hydr)oxides would result in electron transfer
from Fe(II) to structural Fe(Ill) and then electron bulk conduction
in iron (hydr)oxides (Yanina and Rosso, 2008). The divalent cations
do not transfer electrons to structural Fe(IIl), however, the addition-
al divalent cations would result in much higher monolayer condition
of surface-layer cations. Additionally, the divalent cations would de-
crease the contacted Fe(Il) of iron (hydr)oxides and neutralize the
surface potential gradient. With less Fe(II) transferring electrons to
the structural Fe(IIl) in iron (hydr)oxides, the electron bulk conduc-
tion in the solids would be decreased (Larese-Casanova and Scherer,
2007), and consequently, the Fe(Il)-induced reaction of iron (hy-
dr)oxides would be inhibited (Yanina and Rosso, 2008).

However, the effects on the Fe(Il)-induced transformation of iron
(hydr)oxides due to the properties of metal cations have not been
well explored. Additionally, few studies on the geochemical processes
of metals in iron minerals have focused on the environmental behavior
of metal cations with the same valence state as Fe(Il) during the Fe(II)-
induced transformation of iron (hydr)oxides.

In this study, we focused on the cation effect of divalent metal ions
on the phase transformation processes of ferrihydrite when reacted
with fixed initial concentration of Fe(II), as well as the stabilization of
metals in the formed secondary iron (hydr)oxides during the phase
transformation. In the experiments, seven divalent metal ions, including
Ba2™, Ca®*, Mg? ™, Mn2 ™, Co?™, Ni2™, and Zn? ™, were used with the
same fixed initial concentration at the buffered constant pH condition
to explore the mechanisms of cation effect. In particular, we further in-
vestigated the physicochemical properties of metals correlated with the
phase transformation rates of ferrihydrite and metal stabilization.
Throughout, we centered on the fate of metal ions and transformation
rates of ferrihydrite during the Fe(Il)-induced reactions when
coexisting with divalent metals. The aim was to define the roles of the
basic intrinsic physicochemical properties of metal cations within this
environmentally important reaction.

2. Materials and methods
2.1. Ferrihydrite preparation

Ferrihydrite was synthesized according to previously reported
methods (Das et al., 2010; Boland et al., 2014b). Briefly, ferrihydrite
was prepared by dissolving 20 g of Fe(NO3)3-9H,0 in 250 mL of double
distilled deionized (DI) water and then titrated with 1 M KOH to pH 7-8.
The resulting suspension was then centrifuged and subsequently
washed with DDI water until the pH of the slurry approached the
PHpzc (~pH 7.5) of ferrihydrite. This stock suspension of ferrihydrite
was refrigerated and used within three days. Some of the obtained fer-
rihydrite suspension was freeze-dried to confirm the phase by X-ray dif-
fraction (XRD).

2.2. Experiments on Fe(Il)-induced transformation of ferrihydrite

All transformation experiments were carried out inside an anoxic
chamber (Model Bactron II, Anaerobic Chamber, 200 plate capacity,
Shellab, Shedon Manufacturing, Inc., Cornelius, OR, US) to maintain an-
aerobic conditions. All solutions were purged with high purity N, for at
least 2 h to remove oxygen before being transferred into the chamber
and were then exposed to the anoxic chamber atmosphere for 48 h. A
stock solution of 100 mM Fe(II) was prepared inside the anoxic chamber
by dissolving FeCl, - 4H,0 in deoxygenated water. The 100 mM stock so-
lutions of each of the studied metal cations (denoted by Me(II) in this
paper), i.e., Mg(ll), Ca(II), Ba(Il), Mn(II), Co(II), Ni(Il), and Zn(II), were
all obtained by dissolving their respective chloride salts in deoxygenat-
ed water in the anoxic chamber. Each reactor contained 30 mM ferrihy-
drite (~3.2 g/L), 0 or 2.0 mM initial Fe(Il), and 0 or 1.0 mM Me(lI). The
reaction pH 6.5 was used here in an attempt to simultaneously model
typical soil conditions (Liu et al., 2014a) and obtain the condition of as
high efficiency as possible in Fe(Il)-induced reaction of iron (hydr)ox-
ides (Reddy et al., 2015), which was buffered by 20 mM 1,4-
piperazinediethanesulfonic acid (PIPES) with 20 mM KBr as a back-
ground electrolyte. The reagents were added following the order of fer-
rihydrite, buffer solution, and cation solution (equilibrating for 30 min),
and then adding the Fe(II) solution to initiate the reactions. Serum bot-
tles of 100 mL were used as the experimental reactors and were sealed
with Teflon-coated butyl rubber stoppers and crimp seals after all of the
target reagents were added. Finally, all of the reactors were wrapped in
Al-foil and placed on an end-over-end rotator. Three triplicate reactors
were sacrificed to be sampled for analyses at time intervals of 0.5, 1, 2,
4,8, 15, 30, and 60 days.

2.3. Analyses of Fe(II) and Me(Il)
After being sampled, two 5 mL aliquots were taken from each reac-

tor suspension and placed into 10 mL centrifuge tubes. After being
sealed with an O-ring Teflon tape and then covered tightly, the tubes
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were centrifuged outside the anoxic chamber at 4500 rpm for 10 min
and then immediately returned to the chamber. The supernatant was
filtered through 0.22 um nylon filters (Millipore, Boston, MA, USA)
and acidified with 20 pL concentrated HCl. And then, the acidified solu-
tion was transferred out of the anoxic chamber to analyze the dissolved
Fe(Il) and Me(II). The solids from the two aliquots in the centrifuge
tubes were added to 0.4 M HCl and concentrated HCl to be extracted
and digested for 1.5 h and 0.5 h, respectively. After being centrifuged
once again, the filtrated supernatant from the centrifuged 0.4 M HCl-ex-
tracted solution was used to analyze the 0.4 M HCl-extracted Fe(Il), and
the filtrated solution from the dissolution by concentrated HCl was used
to analyze the stabilized Fe(Il) and Me(II) in the solids (Reddy et al.,
2015). The concentrations of the aqueous Fe(Il) were determined by
the Fe(II)-selective reagent ferrozine (Fadrus and Maly, 1975). The con-
centrations of the seven heavy metals were determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES, Perkin-Elmer
optima 2000, USA).

24. Characterization of the solid phase

The solids separated from the centrifugation described above were
washed with DDI water followed by further centrifugation and then
freeze-dried for characterization. The X-ray diffraction (XRD) patterns
for phase identification and quantification were recorded on a D8 Ad-
vanced Diffractometer (Bruker AXS) and the BL17A1 beamline of the
National Synchrotron Radiation Research Center (NSRRC) TLS light
source in Taiwan. The ring energy of the TLS was operated at 1.5 GeV
with a typical current of 360 mA. The wavelength of the incident X-
rays was 1.321863 A (~9.3 keV), delivered from the superconducting
wavelength-shifting magnet and a Si(111) Triangular Crystal Mono-
chromator. The diffraction patterns were recorded using a Mar345 im-
aging plate detector approximately 180 mm away from sample
positions and with typical exposure duration of 5 min. The pixel size
of Mar345 was 100 pum. The diffraction angles were calibrated according
to the Bragg positions of LaBg standards. The two-dimensional diffrac-
tion pattern was converted to a one-dimensional powder diffraction
profile using the program GSAS-II (Toby and Von Dreele, 2013) and
cake-type integration. The powder sample was rotated quickly at ap-
proximately 300 rpm to avoid a preferred orientation. The phase identi-
fication was executed by matching the obtained XRD patterns with the
pattern retrieved from the standard powder diffraction database of the
International Centre for Diffraction Data (ICDD PDF-2, Release 2008) (Lu
et al, 2013). Ferrihydrite is usually nanocrystalline with the ideal struc-
ture form containing 20% tetrahedrally and 80% octahedrally coordinat-
ed iron (Michel et al,, 2007). As ferrihydrite is in poor crystalline, it was
considered as amorphous contents in our quantitative analysis. To
quantify both crystalline and poorly-crystalline phases, all the samples
were mixed with 20 wt% of CaF, (449717-25G, Merck, Germany) as
the standard reference in the Rietveld quantitative analysis carried out
in the TOPAS program. The accuracy of this method has been discussed
hugely and applied in many areas (De La Torre et al., 2001; Bernasconi et
al,, 2014).

The morphologies and crystallite sizes of the reacted solid samples
were observed by transmission electron microscopy (TEM). For com-
parison, y-FeOOH, a-FeOOH, and Fe304 were characterized directly
after being prepared with methods reported previously (Cornell and
Schwertmann, 2003) First, the solid samples were dispersed in absolute
ethanol (299.5%) for ultrasonic shaking, and then deposited on holey-
carbon film Cu grids. The images were then recorded on a Philips-
CM12 TEM operated at 200 kV with the dried grids.

Electrochemical measurements were used to probe the influence of
additional Me(II) on the redox process of the Fe(Il) on the ferrihydrite
surface. The measurements were performed at room temperature in a
conventional three-electrode cell connected to an electrochemical
workstation (CHI660D, Shanghai Chenhua Instruments Co., China). A
glassy carbon (GC) electrode (3.0 mm in diameter) coated with

ferrihydrite was used as the working electrode. A saturated calomel
electrode (SCE) and a Pt plate were used as the reference and counter
electrodes, respectively. Cyclic voltammograms (CVs) were performed
in an N,-saturated 2 mM Fe(II) solution amended with1 mM of the var-
ious Me(II) at room temperature at a scan rate of 50 mV/s.

3. Results

3.1. The effects of metal cations on Fe(Il)-induced phase transformation
rates and pathways of ferrihydrite

To investigate the effects of different Me(Il) on the phase transfor-
mation of ferrihydrite, we carried out the anaerobic batch experiments
for the Fe(Il)-induced reactions of ferrihydrite in the presence of differ-
ent Me(II) at controlled pH 6.5. The phase constituents of the solids dur-
ing the transformation processes of ferrihydrite were identified with
XRD (Fig. 1), and the results quantitatively showed the different pro-
cesses of Fe(II)-induced transformation of ferrihydrite in the presence
of different Me(Il). As indicated by the XRD patterns in Fig. 1, the com-
positions of the secondary formed minerals were different in the pres-
ence of different Me(II), and different Fe(Il)-transformation pathways
of ferrihydrite were obtained. In the treatment without Me(II) (Con-
trol), ferrihydrite was transformed by Fe(Il) quickly and disappeared
completely within 4 days, induced from the diffraction patterns of the
XRD characterization results. The relative diffraction peak intensities
of lepidocrocite increased quickly for 2 days and then decreased due
to the gradual Fe(Il)-induced transformation to goethite and magnetite
(Fig. 1A). The presence of the alkaline earth metal cations, Mg(1I), Ca(1I),
and Ba(lI), did not change the pathway of the ferrihydrite phase trans-
formation compared with the control treatment. More interesting re-
sults were obtained with the transition metal cations. With the
transition metal cation Mn(lII), ferrihydrite was also transformed to
lepidocrocite first, but the further transformations to goethite and mag-
netite were not completed until approximately 8 days and 30 days, re-
spectively. This observation indicated the inhibition of Mn(II) on the
Fe(Il)-induced phase transformation for both ferrihydrite and the
formed lepidocrocite. The other three transition metals, Co(II), Ni(II),
and Zn(1I), induced a different pathway for the phase transformation
of ferrihydrite. During the transformation, no representative peaks of
lepidocrocite were detected in the XRD patterns even over the short
time interval of 0.5 day (Fig. 1D, F, and H), showing that the ferrihydrite
was directly transformed into goethite and magnetite.

To further investigate how the Fe(Il)-induced phase transformation
rates of ferrihydrite were affected by the different Me(lI), the different
phase compositions of the solids during the transformation processes
were quantitatively analyzed with the TOPAS program, based on the
XRD characterization with CaF, as the standard reference. The changes
in the relative quantities of ferrihydrite in the reacted solids were ob-
tained (Fig. 2), and a decrease in the relative quantities of ferrihydrite
was indicated as the ferrihydrite transformation rate during the Fe(II)-
induced transformation of ferrihydrite. The transformation kinetics of
the ferrihydrite phase over 4 days (before complete transformation)
was fitted using a pseudo-first-order kinetics model (the inserted figure
of Fig. 2). The calculated rate constant (k) and the relative coefficient
(R) values are listed in Table S1. Ferrihydrite would undergo effec-
tive phase transformation when activated by Fe(Il) under common
conditions (Yang et al., 2010), while the presence of the seven
Me(Il) were observed to decrease the transformation rates of ferri-
hydrite (Fig. 2 and Table S1), which were between 0.03 and 1.38
day~'. Comparatively, the k value for Fe(ll)-induced ferrihydrite
transformation in the absence of Me(Il) was 1.47 day~ . All seven
Me(II) inhibited ferrihydrite transformation. The relative differences
between the observed rate constants were: control (no Me(Il)) >
Ba > Ca> Mg > Mn > Zn > Ni > Co.

The TEM results for the reacted solids after 60 days also indicated the
different degrees of ferrihydrite transformation affected by the different



C. Liu et al. / Chemical Geology 444 (2016) 110-119

113

< . (A) Control Poff (B Felnm G (C) Fe(ly+Mg(ll)

Mu i GOdMWW,.J e 80d
30d

T B S - S
- Arrdbhonndd

/,J 150 WO ,.J ne 15d

8d| | 4d WL 8d

Relative Intensity

2>
7]
c
9
£
(]
2
E 1d
A s -
0.5d i . wa.5d
» :L i : et e
L L L L 1 ‘JI“l W 1 1 1 1 pd 1 1 1 1 1 Qd
10 20 30 40 50 60 7010 20 30 40 50 60 7010 20 30 40 50 60 70
2 Theta (°)

G (G) Fe(ll)+Co(ll)

/, p o

15d

e

Relative Intensity

(H) Fe(ll)+Zn(l)

50 60 7010

2 Theta (°)

20

30

Fig. 1. XRD patterns of the transformed ferrihydrite samples induced by Fe(Il) when in the presence of different divalent metal cations. The experiments were carried out at pH 6.5 under
anaerobic conditions, with 30 mM of the ferrihydrite, 2.0 mM of the Fe(II) and 1.0 mM of the different Me(II) (Control was the treatment without any Me(lI), and the names of the cations

represent the treatment with the according cation).

Me(II) (Fig. 3). The “star-shaped” crystalline assemblages of all of the
secondary minerals indicated the formation of goethite and magnetite
(Hansel et al., 2005; Boland et al., 2014b). When reacted with the alka-
line earth metals, i.e., Mg(II), Ca(Il), and Ba(lI), the dominant composi-
tion of the formed secondary minerals was goethite, with a high
crystallinity and a relatively decreased value for the full width at half
maximum (FWHM) (Wang et al., 2013). The transition Me(Il), however,
resulted in the formation of more magnetite, along with enhanced crys-
tallinity. From the TEM images, therefore, we observed that the width
and length of acicular goethite were larger in the control and the

treatments with the supplement of Mg(II), Ca(Il),or Ba(Il) than those
with Mn(II), Co(II), Ni(II), or Zn(II).

3.2. Distribution of Fe(Il) species during Fe(Il)-induced transformation of
ferrihydrite

To explore the affecting mechanisms of Me(II) on Fe(II)-induced fer-
rihydrite transformation associating with Fe(II), we further investigated
the changes of the concentrations of different Fe(Il) species during the
reactions. Three Fe(Il) species, i.e., the dissolved Fe(Il) in the filtrate,
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Fig. 2. The changes of ferrihydrite compositions during the Fe(Il)-induced phase
transformation of ferrihydrite (The inserted figure representing the according pseudo-
first-order kinetics model fitting curves of the composition changes). Phase
compositions were determined by Rietveld quantitative XRD analysis with using CaF, as
an internal standard reference. The experimental conditions are the same as that in Fig. 1.

the adsorbed Fe(II) extracted with 0.4 M HCI, and the solid Fe(II) (in-
cluding the magnetite structural Fe(Il)) obtained by dissolving the
solids in concentrated HCl, were obtained respectively and their respec-
tive concentration changes during the reactions are shown in Fig. 4. The
amount of dissolved Fe(Il) decreased quickly over 4 days and then
remained relatively constant during the Fe(Il)-induced transformation
of ferrihydrite under different Me(II) treatments (Fig. 4A), whereas
the amounts of adsorbed Fe(lI) first increased quickly and then de-
creased gradually (Fig. 4B). The concentrations of solid Fe(II) also in-
creased quickly during the first 5 days and then remained constant at
1.3-1.8 mM across the different Me(lI) (Fig. 4C).

The concentration changes of the dissolved Fe(Il) in Fig. 4A within
4 days were fitted to a pseudo-first-order kinetics model (Fig. 4D),
and the k and R values are presented in Table S2. Additional analysis
of the relationships between the k values of ferrihydrite transformation
and the k values of the dissolved Fe(II) decrease exhibited a linearly pos-
itive relationship (Fig. 5). The results in Fig. 5 indicate that, when with
different Me(II), the higher decreasing rates of dissolved Fe(Il) may
lead to higher transformation rates of ferrihydrite. The largest decrease
in rate of the dissolved Fe(Il) was obtained with Ba(II) (the Me(II) that
minimally inhibited the phase transformation of ferrihydrite, as shown
in Table S1). In contrast, the presence of Co(Il) or Zn(II), which resulted
in much smaller k values for the ferrihydrite transformation, led to a less
decrease in rates of the dissolved Fe(Il) (Fig. 4A) and a higher stabiliza-
tion ratio of Me(lI) in ferrihydrite (Fig. 4C).

4. Discussion

4.1. Effects of different Me(Il) on the Fe(Il)-induced phase transformation of
ferrihydrite

Metal-substituted iron (hydr)oxides have been reported to be more
resistant than pure iron (hydr)oxides in the reductive dissolution and
Fe(Il)-induced transformation (Hansel et al., 2011; Masue-Slowey et
al.,, 2011; Latta et al., 2012b; Massey et al., 2014a). The resistance has
been ascribed to the inhibited Fe atom exchange or electron exchange
between aqueous Fe(II) and structural Fe(III), in which substituted
metals block the reductive dissolution of iron oxides and inhibit bulk
electron conduction (Frierdich et al., 2012; Latta et al., 2012b;
Neumann et al., 2013). In addition to the above-mentioned factors, en-
vironmental factors, such as pH, Fe(Il) concentration, temperature, and
ionic strength, that affect the Fe(Il)-induced phase transformation of

iron (hydr)oxides have also been investigated (Hansel et al., 2003,
2005; Das et al., 2010; Boland et al., 2014b). The previous reports sug-
gested that the competitive adsorption of cations with Fe(Il) on iron
(hydr)oxides (Jones et al., 2009), or the possibly structural substitution
of Me(I) (Frierdich and Catalano, 2012) in the iron (hydr)oxide would
inhibit Fe(Il)-induced phase transformation during the reactions. For
ferrihydrite, the competitive adsorption would also influence the
Fe(Il)-induced phase transformation rates (Ishikawa et al., 2005) and
pathway (Hansel et al., 2003; Ishikawa et al., 2004). The competitive ad-
sorption of Me(Il) with Fe(II) would be affected by the intrinsic metal
properties, such as the binding ability, which further leads to the
inhibited Fe(II)-induced phase transformation of ferrihydrite under
the controlled constant environmental conditions.

The affinities of cations to iron (hydr)oxides are different due to
their binding abilities, which influence the amount of binding of Fe(II)
through competitive adsorption/complexation. The concentration
changes of different Fe(Il) species (Fig. 4) indicate that the added
Fe(II) first quickly adsorbed onto the ferrihydrite surface, leading
to the decrease of the dissolved Fe(Il) and the increase of the
adsorbed Fe(II), in which some of the adsorbed Fe(Il) was incorpo-
rated into the secondary minerals through occlusion or structural in-
corporation (Jang et al., 2003; Latta et al., 2012b). In line with the
Fe(Il) incorporation and electron transfer, some of the ferrihydrite
was transformed into the secondary minerals with higher crystallin-
ity, i.e., lepidocrocite, goethite, and magnetite (Fig. 1). The solid-as-
sociated Fe(II) species (including the adsorbed and incorporated
Fe(II)) with iron oxides have been reported to play an important
role in the different Fe(Il)-catalyzed transformation pathways of fer-
rihydrite (Boland et al., 2014b).

The main products were goethite when with the Me(II) leading to
relatively more amount of adsorbed Fe(Il) on ferrihydrite (e.g. control,
Mg, Ca, and Ba). When with the Me(Il) leading to relatively less amount
of adsorbed Fe(II) on ferrihydrite (e.g. Ni, Zn, Co, and Mn), the major
products were magnetite and goethite. Hansel et al. (2005) also report-
ed the same results, and they further concluded that the dissolution of
produced lepidocrocite and goethite induced magnetite formation
with Fe(Ill)-dependent crystal growth.

To explore the inhibition mechanism with different cations, we in-
vestigated the relationships between the binding ability constants
(logK) (Table S3) of the seven Me(II) (Liu et al.,, 2014b) and the k values
of ferrihydrite transformation (Fig. 6A). The results clearly showed that
the transformation rates of the ferrihydrite are negatively linearly corre-
lated (R = 0.95) with the binding constants of Me(II), indicating the ef-
fect of logK of the cations on the binding amount of Fe(Il) and,
consequently, on the transformation rates of the ferrihydrite. In the sys-
tems with Me(II) and Fe(II), the logK values determined the different
existing forms of the cations. In the treatments of Ba(II), Ca(Il), Mg(II),
and Mn(II), which have a lower logK value than Fe(Il) (—2.98) (i.e.
lower binding abilities than Fe(II)), more Fe(Il) was adsorbed and stabi-
lized on the ferrihydrite (Fig. 4), leading to the higher phase transforma-
tion rates of ferrihydrite (Fig. 6A). In the treatments of Ni(II) and Zn(II),
which have a higher logK value than Fe(Il), the binding disparity
changed accordingly, and less Fe(Il) was bound on the ferrihydrite, lead-
ing to the lower phase transformation rates of ferrihydrite (Fig. 6A).
During the Fe(Il)-induced ferrihydrite transformation, the Ba(Il),
Ca(II), Mg(II), and Mn(II) mainly existed as the dissolved forms, while
the Ni(Il), Co(Il), and Zn(II) were mainly adsorbed and stabilized on
the iron oxides (Fig. 7).

At the constant pH condition of 6.5, Me(II) may precipitate as hydro-
lysis species on the surface of ferrihydrite if the experimental conditions
were oversaturated (Ishikawa et al., 2004), especially when reacted
with species such as Ni(Il), Co(Il), and Zn(II) that having higher hydro-
lysis constants. The probable precipitates at oversaturated conditions
would also decrease the contacted Fe(Il) with ferrihydrite and result
in lower Fe(Il)-induced phase transformation rates of ferrihydrite (The
hydrolysis constants of the seven cations are provided in Table S4 in
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Fig. 3. Transmission electron microscope images of samples after reaction for 60 d during the Fe(Il)-catalyzed transformation of ferrihydrite in the presence of different divalent metal

cations (y-FeOOH, a-FeOOH, and Fe;0,4 were characterized directly after being prepared).

the supplementary materials). However, in the current experimental
conditions, the precipitates would not be formed based on the MINTEQ
analysis results (data not shown), and thereafter, the competitive sorp-
tion of Me(II) with Fe(II) was responsible for the inhibited effects of
Fe(I)-catalyzed transformation of ferrihydrite. It is worth noting that
Mn(II) was not oxidized during the Fe(II)-induced reaction of ferrihy-
drite although Mn exists as different oxidation states (2 +, 3+, and
4 +). In comparison to the control in which Fe(Il) was co-existed with
ferrihydrite, oxidation states of Min(Ill) and Mn(IV) were not detected
in the treatment when Mn(II) was mixed with ferrihydrite at the
same conditions (data not shown).

Equilibrium speciation analyses of Me(II) and Fe(II) were also car-
ried out using the thermodynamic package Visual MINTEQ 3.0 (Liu et
al., 2014b). The information of the calculation were provided in Text
S1. The theoretical results (Fig. 8) also indicate that Me(II) with higher
logK values occupied more surface sites of ferrihydrite and reduced
the surface sites for Fe(Il) adsorption. With less bound Fe(II), the

transformation reactions from Fe(ll) in ferrihydrite were weakened
and the phase transformation rates of ferrihydrite decreased.

The different Me(lI) also affected the anodic peak potentials of fer-
rous ion on the surface of ferrihydrite. This process in turn changed
the phase transformation rates of ferrihydrite. The CV results in Fig. S1
show the positive shifts of the oxidation peak potentials (Ep) in the
Fe(Il)-induced transformation systems in the presence of different
Me(II) compared with that of the control; a linear relationship between
the logK and Ep values with different Me(II) was observed (Fig. S2). The
Ep values derived from the CV analyses of the Fe(Il)-induced transfor-
mation of ferrihydrite in the presence of different Me(II) were negative-
ly correlated with the k values of ferrihydrite transformation (Fig. 6B).
The oxidation peak potential of a reaction system is affected by various
factors, such as pH, ionic strength, the materials of electrode, etc. As to
the system of Fe(Il)-induced phase transformation of ferrihydrite
when with different Me(Il), our results indicate the direct relationship
between the log K values and Ep values when at the controlled constant
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Fe(II) (From dissolved solid phase, including Fe(II) of magnetite), and (D) the according pseudo-first-order kinetics model fitting curves of the concentration changes of dissolved Fe(1I) in

(A).

pH and initial ionic concentrations. This result suggests that the higher
binding ability of the Me(II) resulted in the higher oxidation peak oxida-
tion of the system and consequently, led to lower Fe(Il)-induced phase
transformation rate of ferrihydrite. The decreased oxidation potential of
Fe(Il) on the ferrihydrite surface resulted in a lower possibility of elec-
tron donating, which would consequently decrease the electron transfer
efficiency from surface Fe(II) to the bulk ferrihydrite. Therefore, the
phase transformation rates of the ferrihydrite decreased as the electron
transfer between the surface and bulk of iron oxides has been confirmed
to be the main driving force for the Fe(Il)-induced phase recrystalliza-
tion of iron oxides (Yanina and Rosso, 2008; Reddy et al., 2015).
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Fig. 5. The relationship between the rates of the Fe(Il)-induced transformation of
ferrihydrite and the rates of the dissolved Fe(II) decrease with the seven divalent cations.

4.2. Stabilization of metal cations during the Fe(Il)-induced transformation
of ferrihydrite

The Fe(Il)-induced recrystallization of iron (hydr)oxides can
stabilize the coexisting heavy metals in the structure of the sec-
ondary formed iron minerals (Latta et al., 2012a). Previous studies
have also reported the formation of metal-incorporated secondary
minerals during the Fe(Il)-induced transformation of ferrihydrite
(Jang et al., 2003; Pedersen et al., 2006; Nico et al., 2009; Boland
et al., 2014a; Hoffmann et al., 2014; Massey et al., 2014b). In this
study, due to the different properties of Me(Il), different amounts
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Fig. 6. The relationship between the rates of the Fe(Il)-induced transformation of
ferrihydrite and (A) binding constants (logK) of the seven divalent cations, and (B) the
redox potential (Ep) of the Fe(Il) in the systems.
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of cations were stabilized by ferrihydrite or transformed minerals Co(Il), and Zn(lII), resulted in larger amounts of stabilized metals

during the Fe(Il)-induced transformation of ferrihydrite (Fig. 7). in the secondary minerals.
The binding ability of the Me(Il) may be one of the important Together with the binding abilities, the other factor such as the pos-
factors that determine the amount of stabilized metals. The trans- sibility of precipitates of the different Me(II) under specific pH condition

formations involving Me(II) with higher logK values, i.e. Ni(II), may also affect the contacted amounts of Me(II), which ultimately affect
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the Fe(Il)-induced phase transformation of ferrihydrite and stabilization
of Me(II). Additionally, Occlusion and structural incorporation mecha-
nisms were proposed for the metal stabilization (Hansel et al., 2005).
However, the specific mechanism responsible for the stabilization of
the metals due to the different physicochemical properties of the metals
are still needs to be further explored. The study on the effects of differ-
ent possibilities of different Me(II), such as with MINTEQ modeling, and
the exploration of the stabilization mechanisms for different metals,
such as with the synchrotron radiation of X-Ray absorption fine struc-
ture with the specific metal K-edge study, would be important for
deep understanding the stabilization mechanism of Me(II) during the
Fe(II)-induced phase transformation of ferrihydrite.

5. Conclusions

Iron minerals in soils often coexist with different metal cations, es-
pecially in contaminated soils where heavy metals are prevalent. Ferri-
hydrite, usually with high surface area and low crystallinity, is
recognized as an excellent absorbent for stabilization of heavy metals
in soils. Our study shows that coexisting divalent metal cations with fer-
rihydrite can affect the efficiency and pathway of the Fe(Il)-induced
phase transformation of ferrihydrite significantly. Under the controlled
constant conditions (such as the fixed same pH and initial Fe(II)
concentrations), the binding abilities of different Me(Il) affected the af-
finity of coexisting Fe(II) to ferrihydrite, which further changed the
Fe(II)-induced phase transformation rates and pathways of ferrihydrite.
Additionally, this study indicates the stabilization of the metal cations
through occlusion/incorporation by the formed secondary iron
(hydr)oxides from Fe(Il)-induced transformation of ferrihydrite. We
expect these findings to bridge the knowledge gap between the
contaminated metal cations and the active iron minerals in soils, and
also to improve our understanding of the behavior of environmental
geochemistry of metal cations in anoxic iron-rich soils.
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