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Abstract TIron (Fe) oxides can rapidly recrystal-
lize in the presence of aqueous Fe(Il) (Fe(Il),,) under
anoxic conditions. Since different Fe oxides have
diverse affinities and redox reactivities for metal(loid)
s, nutrients, and organic matters, recrystallization
of Fe oxides significantly alters their speciation and
environmental behavior. Therefore, the major reaction
steps, rates, and influencing factors of Fe(ll), -cata-
lyzed recrystallization have gained increasing atten-
tion. This paper aims to review the latest advances,
especially in redox cycling between Fe(ll),, and
Fe oxide and in the kinetics of Fe atom exchange.
The mineralogical recrystallization pathways and
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intermediate processes of different Fe oxides when
exposed to Fe(Il),, are discussed. The influencing
factors such as morphological natures of Fe oxides
and typical environmental substances governing the
kinetics of isotopic exchange between Fe(Il),, and
Fe oxides are summarized. Several major analyti-
cal methodologies in this realm are also illustrated.
Finally, some unsolved issues and future research
directions in the field of Fe(II)aq-catalyzed Fe oxide
recrystallization are outlined.
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1 Introduction

Iron (Fe) is the most abundant redox-active metal on
Earth, accounting for>35% of the Earth’s mass (Su
and Liu 2019). Due to the presence of oxygen, Fe
exists primarily as various ferric and mixed-valence
Fe oxides, oxyhydroxides, and hydroxides (referred
to hereafter as Fe oxides together) near the surface of
the Earth’s crust (Schwertmann et al. 1984; Stumm
and Sulzberger 1992; Weber et al. 2006b). Fe oxides
in soils can strongly influence the degradation and
sequestration of organic carbon, the solubility and
bioavailability of nutrients and inorganic contami-
nants, weathering and mineralization of rocks, and
microbial activity (Eglinton 2012; Lalonde et al.
2012; Melton et al. 2014; Schwertmann 1983). Also,
Fe oxides are frequently utilized for groundwater
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remediation by removing toxic or radioactive contam-
inants from groundwater through surface adsorption,
surface precipitation and/or structural substitution
(Cooper et al. 2000, 2006; Sun et al. 2016a, b).

In the absence of Fe(Il),,, many Fe oxide miner-
als are thermodynamically stable under low temper-
atures of <40 °C (Curti et al. 2010; Frierdich et al.
2015a; Hren et al. 2006; Schwertmann 1983; Schw-
ertmann et al. 2004, 2005). In contrast, in the pres-
ence of Fe(Il),,, Fe oxides can recrystallize within
a few days at environmentally relevant pressure and
temperatures (Gorski and Fantle 2017; Handler et al.
2014). The term “recrystallization” involves not only
the transformation from one mineral phase to another
but also the Fe oxide preserving its structure and
chemical composition but changing its particle mor-
phology (Joshi and Gorski 2016). These two phenom-
ena both alter the effective reactivity of the Fe pool
in the environments (Flynn and Catalano 2018; Lu
et al. 2019; Zhou et al. 2018). Due to the ubiquitous
coexistence of aqueous Fe(Il) (Fe(Il),y) and Fe oxides
in soils and underground aquifers, Fe(ll),-catalyzed
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Fig. 1 Schematic illustra-
tion of the hypothesized
interfacial electron transfer
between the adsorbed Fe(II)
and surface/subsurface
Fe(III) of Fe oxides, i.e., (1)
oxidative Fe(Il) adsorption,
(2) electron transfer and
atom exchange, (3) electron
transfer through the solid,
and (4) reductive release as
Fe(II)
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recrystallization of Fe oxides is a pervasive natural
process (Brown et al. 1999; Stumm and Sulzberger
1992; Tishchenko et al. 2015). Numerous studies
concerning different aspects of Fe(Il), -catalyzed
recrystallization of Fe oxides have been conducted.
Based on the findings, Fe(II)aq-catalyzed Fe oxide
recrystallization is now known to follow a multi-step
mechanism (Fig. 1). Major steps involve (1) Fe(Il),q
sorption, (2) electron and atom exchange between
adsorbed Fe(IT) and Fe(IIl) in Fe oxides, and (3) con-
duction of injected electrons to a distant Fe(IIl) lat-
tice sites, which then undergo (4) reductive release
as Fe(II) (Alexandrov and Rosso 2015; Handler et al.
2014). Redox cycling between Fe(Il),q and Fe(III) in
Fe oxides is mechanically responsible for recrystalli-
zation of coupled growth (via sorption and electron
transfer) and dissolution of Fe oxides (Alexandrov
and Rosso 2015; Handler et al. 2014; Notini et al.
2019a). During recrystallization, Fe cycles from
Fe(II)aq to adsorbed Fe(II) and then to a new Fe min-
eral phase, typically without changes in the abun-
dance of Fe(II).

The extent of interfacial Fe atom exchange calcu-
lated by Fe isotopic tracer can be utilized to deter-
mine the degree of Fe(Il),,-catalyzed Fe oxide
recrystallization (Reddy et al. 2015). The kinetics
of Fe atom exchange can be employed to assess the
impacts of different factors on the rate of recrystal-
lization, e.g., particle size of Fe oxide, Fe(II)aq con-
centration and pH condition (Frierdich et al. 2015b;
Handler et al. 2014; Reddy et al. 2015). In addition,
Fe isotopic tracer and spectroscopic techniques, e.g.,

Initial Fe minerals

S7Fe-Mossbauer spectroscopy and atom probe tomog-
raphy (APT), can be used to determine Fe speciation
and isotopic distribution in secondary minerals after
exposed to FC(H)aq (Larese-Casanova et al. 2012;
Taylor et al. 2019b; Williams and Scherer 2004).
These analytical methodologies provide new scope
for probing the electron and atom exchange pro-
cesses, thereby improving the understanding of the
underlying mechanism of the interplay between Fe
oxides and Fe(II),q.

In soils and underground aquifers, Fe oxides
exhibit a strong affinity to environmental compo-
nents such as metal(loid)s, organic matters (OMs),
and microorganisms due to their high specific surface
area and surface reactivity, which are mainly deter-
mined by their mineral phase, particle size, and sur-
face defective extent (Chen et al. 2014; Cornell and
Schwertmann 2004; Coward et al. 2018; Lu et al.
2020; Tessier et al. 1996). For instance, the initial Fe
minerals can dominate the extents of atom exchange
between Fe(II)aq and lattice Fe(Ill), e.g., 100%
exchanges for ferrihydrite, 68% exchanges for goe-
thite, and 10% exchanges for magnetite (Gorski et al.
2012; Reddy et al. 2015; ThomasArrigo et al. 2017).
Furthermore, metal(loid)s such as aluminum (Al),
zinc (Zn) and nickel (Ni), as well as OMs such as ful-
vic acids, can slow down the Fe atom exchange ratios,
because both of them can block the reactive sites and
prevent the dissolution of Fe oxides (Hu et al. 2020;
Latta et al. 2012b; Liu et al. 2016; ThomasArrigo
et al. 2017). In contrast, Fe(Ill)-reducing bacteria
are able to promote recrystallization of Fe oxides by
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accelerating Fe(Il) production (Weber et al. 2006a;
Xiao et al. 2018).

However, current investigations concerning
Fe(Il),4-catalyzed recrystallization have generated
new issues. For instance, the formation of Fe(Il)
inner-sphere surface complex on Fe oxide is thought
to be an essential step for the electron transfer during
recrystallization (Alexandrov and Rosso 2015; Zar-
zycki et al. 2015a). Nonetheless, despite the shorter
Fe(Il)-Fe(II) atomic distances are more favorable
for electron transfer (Kerisit et al. 2015), whether the
formation of inner-sphere Fe(Il) species is required to
enable the electron transfer remains unclear. Moreo-
ver, using a rapid freeze—quench technique, a recent
study detected the intermediate Fe(IV) species in
Fe(I)-goethite suspensions (Hua et al. 2022). How-
ever, the use of in situ spectroscopic tools, such as
in situ XAS and Mdssbauer spectroscopy, to track
the production of intermediate Fe species is currently
rare. So far, most experimental studies focus on sin-
gle Fe oxide coexisted with either metal(loid)s or
OMs (Flynn and Catalano 2018; Frierdich and Cata-
lano 2012; Kang et al. 2018; Karimian et al. 2019). It
remains unclear how a variety of Fe minerals coexist-
ing with multifarious environmental factors affect the
recrystallization process.

Although abundant studies regarding Fe(Il),q-
catalyzed recrystallization have been conducted in
the past decades, there is only a brief overview in
this realm which focused on the incorporation and/
or release of metal(loid)s (Latta et al. 2012b) and
systematical reviews remain limited. In this review,
major findings from the previous studies on Fe(Il),,-
catalyzed recrystallization are compiled and dis-
cussed. One of the focuses is to highlight the thermo-
dynamics and kinetics of interfacial electron and atom
exchange between Fe(Il),, and Fe(Ill) in Fe oxide.
The mineralogical recrystallization of Fe oxides such
as phase transformation and mineralogical changes
are also illustrated. Moreover, the impacts of various
contributing factors on the dynamics of interfacial
isotopic exchange between Fe oxide and Fe(Il),, are
summarized. Finally, unsolved issues and knowledge
gaps that should be addressed in future research to
advance the overall comprehension of the processes
and mechanisms of Fe(ll), -catalyzed recrystalliza-
tion are outlined.

@ Springer

2 Redox cycling of Fe(I),, and Fe(I1I)
during recrystallization

Owing to 20 years of research, the primary steps of
electron and atom exchange during Fe(Il), catalyzed
recrystallization have been discovered (Fig. 1). The
protonation or deprotonation of hydroxyl groups
invokes a charge on the mineral surface, which is
responsible for the surface affinity of Fe oxides to
Fe(Il) and many other ions (Hiemstra and Riems-
dijk 1999; Hiemstra et al. 1996). Once the distances
between Fe(Il) and crystal surface reduce to 1-1.5 A,
the inner-sphere complex at the mineral surface can
form (Zarzycki et al. 2015a). The Fe(Il) inner-sphere
surface complex on Fe oxide initiates the interfacial
electron transfer via electronic donor—acceptor cou-
pling (Alexandrov and Rosso 2014; Zarzycki et al.
2015a). The donated electron shuttles along the Fe
chains in directions parallel to the facet of Fe oxides,
which requires less energy than conduction through
a resistant mineral bulk (Zarzycki et al. 2015a).
The subsequently generated labile Fe intermediates
assemble into the nuclei of neoformed mineral prod-
ucts through the olation and oxolation reactions, in a
manner that coincides with Classical Nucleation The-
ory (Sheng et al. 2020a, b). To summarize the recent
findings on redox cycling between Fe(II),, and Fe(IlI)
during Fe(Il), -catalyzed recrystallization, here we
discuss (1) the redox equilibrium between Fe(Il),q
and Fe oxides, (2) the interfacial Fe(Il)-Fe(III) atom
exchanges, and (3) the isotopic exchange models.

2.1 Redox equilibrium of Fe(Il),q and Fe oxides

The accumulation of Fe(II) on Fe oxide surface, the
first step to initiate the interfacial Fe(II)-Fe(III) inter-
action, controls the thermodynamic driving force
of Fe(Il),,-catalyzed recrystallization (Alexandrov
and Rosso 2015; Frierdich et al. 2015b). To disclose
whether Fe(II) adsorbed on Fe oxides is more prone
to be oxidized than Fe(Il),, the reduction potential
(Ep) of solid-adsorbed Fe(II) was compared with that
of Fe(ID),q by Gorski et al. (2016). The results showed
that Fe(Il),, and solid-adsorbed Fe(II) have same E;;
value and can reach redox equilibrium with each other
(Gorski et al. 2016). However, during Fe(II)aq-cata—
lyzed recrystallization, the coexisted Fe oxide phases
can affect the E value of adsorbed Fe(II) through
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Fig. 2 The redox potentials of various Fe(IlI)/Fe(II) couples
(temperature=25 °C, pH 7, [Fe**]=10 pM). The figure is
reproduced from the data in Thamdrup (2000), with permis-
sion from Springer publications

forming different oxidation products (Catalano et al.
2010; Felmy et al. 2011; Schwertmann et al. 1984).
The reduction potentials for redox couples of
Fe(II) and diverse Fe oxides are shown in Fig. 2
(Liu et al. 2022; Thamdrup 2000). The standard
reduction potential (EOH) value of a redox cou-
ple of Fe(ll),, and a crystalline Fe oxide phase is
lower than EOH value of Fe(ll),, and aqueous Fe(IlI)
under comparable conditions (Gorski et al. 2016).
The E, of Fe(l)-ferrihydrite suspension quickly
decreases in accompany with the production of
lepidocrocite and goethite (Boland et al. 2013;
Jones et al. 2017). The decrease in Ej value with
recrystallization to goethite supports that the reduc-
tive capacity of Fe(Il) is enhanced when associated
with goethite compared to that with ferrihydrite. In
addition, while in the absence of Fe oxides, the oxi-
dation of Fe(Il),, can only form aqueous Fe(lII) or

amorphous ferrihydrite (Schwertmann et al. 1984).
When a Fe oxide such as ferrihydrite is present,
diverse crystalline Fe oxide phases including lepi-
docrocite and goethite can form (Chun et al. 2006;
Larese-Casanova et al. 2012; Schwertmann et al.
1984). Fe oxides with high crystallinity have more
negative Gibbs free energy than ferrihydrite (Gor-
ski et al. 2016). Therefore, the solid-adsorbed Fe(II)
in the presence of Fe oxide phases are favorable for
electron injection into the surficial Fe lattice, fur-
ther initialing the recrystallization of Fe oxide.

2.2 Interfacial Fe(Il)-Fe(III) atom exchanges

Exchanges of Fe atom between Fe(ID),q and Fe oxides
can be used to identify the recrystallization of cou-
pled growth and dissolution of Fe oxides (Handler
et al. 2009; Williams and Scherer 2004). By tracing
the changes in Fe isotope distribution across aque-
ous and solid phases, the interfacial Fe(II)-Fe(III)
atom exchange were determined in the literatures
(Frierdich et al. 2012; ThomasArrigo et al. 2017).
For instance, when >°Fe-labelled Fe oxides inter-
act with natural Fe(Il),, under anoxic conditions, an
apparent release of >>Fe from the isotope-labelled Fe
oxides is observed (Pedersen et al. 2005). In addition,
an tendency of isotope equilibrium between Fe(ll),g
and Fe oxides with diverse initial &7°°Fe values
(8°"P°Fe refer to the 'Fe/*°Fe proportion relative to
the IRMM-014 isotope standard) is observed during
recrystallization (Handler et al. 2009). Isotope trac-
ers can be used in combination with APT to disclose
the non-uniform Fe isotopic distribution in Fe mineral
grain in three dimensions. Using this technique, Fri-
erdich et al. (2019b) and Taylor et al. (2019b) indi-
cated that the concentration of injected 'Fe was the
highest near the grain periphery and then decreased
with depth (Fig. 3). Moreover, the interfacial Fe iso-
tope exchange between 57Fe(II)aq and °Fe(III) in Fe
oxides can be characterized using >’Fe Mdssbauer
spectroscopy, resulting from the formation of *’Fe-
minerals in the secondary minerals (Williams and
Scherer 2004).

Beside Fe, structural oxygen in Fe oxides can also
undergo atom exchange with the oxygen in water
molecules (Frierdich et al. 2015a; Jakub et al. 2021).
However, when~60% of Fe atom exchange occurs
during Fe(Il),-catalyzed recrystallization, only ~20%
of the oxygen in goethite is exchanged simultaneously
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Fig.3 a Reconstruction of grain boundaries of goethite
reacted with 3’Fe-enriched Fe(ID),q for 30 days. b Distribution
of *®Fe (green dots) and goethite regions with particularly high
enrichments of 3’Fe (blue region). This figure is adopted from
Frierdich et al. (2019a, b). Copyright 2019, with permission
from ACS Publications. APT reconstructions of goethite grain
at two different locations (referred to as (c¢) and (d)), where ¢
exhibits 57Fe enrichment at the exterior surfaces and d high-
lights intergranular diffusion of 57Fe. The 57Fe/56Fe values
correspond to the y axis on the left-hand side, while the Cr and

(Frierdich et al. 2015a). The different oxygen sites in
goethite may result in the different exchange extents
between O and Fe atom in same system. The goethite
surface contains a variety of oxygen sites, includ-
ing singly-coordinated water molecules, doubly-
coordinated hydroxyl groups, and triply-coordinated
hydroxyl and oxo groups (Balogh et al. 2007). During
Fe(Il),4-catalyzed recrystallization, the singly coor-
dinated water molecules on goethite are in oxygen
isotope equilibrium with the solution already, but can
still undergo isotopic exchange with water. The dou-
bly and triply coordinated surface oxygen groups on
goethite, on the other hand, may not interact with the
solution (Balogh et al. 2007; Frierdich et al. 2015a).
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Fe concentrations correspond to the y axis on the right-hand
side. The onset of the goethite phase is set to 0 nm, and the
vertical, gray dashed lines mark the onset of the nominally
nonrecrystallized phase, i.e., where 57Fe/56Fe reaches natu-
ral abundance (referred to NA). Solid arrows through full tip
reconstructions indicate the ~2-nm-thick region for cross-sec-
tion measurements; 5-nm cubes are used for scale. Data from
Taylor et al. (2019a, b). Copyright (2019) National Academy
of Sciences

Therefore, less O atom exchanges relative to Fe atom
are observed (Frierdich et al. 2015a).

Moreover, time-dependent susceptibility of Fe
oxides to recrystallization dominates the reactiv-
ity of Fe(II)-Fe(Ill) atom exchange (Handler et al.
2014; Joshi et al. 2017; Notini et al. 2019b). During
Fe(Il),q-catalyzed recrystallization of goethite, the
degree of Fe atom exchange between 1 and 30 days
and between 30 and 60 days was investigated by
conducting two batches of experiments (Joshi et al.
2017). The results showed that 17% of atoms in goe-
thite undergo exchange with Fe(Il),, after 30 days of
reaction, while only 2% of atoms in goethite undergo
exchange with Fe(II)aq between 30 and 60 days. As a
result, susceptibility of goethite to Fe(Il),,-catalyzed
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recrystallization appears to decrease over time. The
observation from Joshi et al. (2017) is consistent with
Notini et al. (2019b), which presented that a passiva-
tion layer accumulates from pre-exposed Fe(Il),, onto
the Fe oxide surface and inhibits the extents of atom
exchange over time. In addition, based on the theory
model developed by Joshi et al. (2022), the resulting
recrystallization of goethite in the presence of Fe(Il),,
is markedly less than previously reported (14-20%
vs 60-100%). This is because the majority of lattice
Fe(III) in recrystallized goethite (>80%) back-reacts
slowly with Fe(Il),, (Joshi et al. 2022), whereas the
previous studies assumed that the lattice Fe(Ill) in
goethite back-reacts instantaneously (Handler et al.
2014; Latta et al. 2012a).

2.3 Isotopic exchange models

Although Fe(Il),-catalyzed recrystallization of Fe
oxides has been extensively studied, a recrystalliza-
tion model to ascribe the interfacial isotopic exchange
at mineral-water interface remains unavailable. The
homogenous and heterogeneous models were dis-
cussed in the literatures (Frierdich et al. 2019a; Han-
dler et al. 2014). The primary difference between
these two models, i.e., homogenous and heterogene-
ous models, is whether the bulk phases back-interact
with Fe(ID),q. The homogenous model deems that the
recrystallized fraction of Fe oxide back-interacts with
Fe(II)aq, causing continuous and instantaneous Fe
isotope fractionation at mineral-water interfaces dur-
ing the entire reaction period (Handler et al. 2014).
Therefore, in the homogenous model, the isotopic
values of Fe(Il),, linearly approaches equilibrium.
Alternatively, the heterogeneous model assumes
that the recrystallized fraction of Fe oxide does not
back-interact with Fe(Il),q, and the recrystallized
mineral from Fe(II) oxidation is accompanied by
reductive dissolution of the initial mineral (Frierdich
et al. 2014b, 2019a; Handler et al. 2014). Therefore,
in the heterogeneous model, the isotope abundance
of Fe(II)aq becomes close to that of the initial min-
eral over time. There are significant discrepancies
in atom exchange ratios calculated by homogenous
and heterogeneous models. For instance, the homog-
enous model suggests that 90% of Fe atom in goethite
exchanges with Fe(Il), while the heterogeneous model
suggests only 19% in the same system (Handler et al.
2014; Joshi and Gorski 2016).

To evaluate whether the homogenous or het-
erogeneous models can fit the isotopic exchange
approaches  during recrystallization, Frierdich
et al. (2019a) designed a three-isotope method
(**Fe—°Fe—"Fe) to assess isotopic fractionation dur-
ing isotopic exchange between Fe(Il),, and hema-
tite. Two Fe(Il),, solutions with different 8761 4Fe
(Fe(I),q SS-1 and Fe(Il),, SS-2) were respectively
reacted with hematite, and the isotopic fractionation
in aqueous and solid phases was tracked by measur-
ing 8°"%Fe (Frierdich et al. 2019a). Based on results
of three-isotope study (Frierdich et al. 2019a), at an
early stage of the reaction, heterogeneous exchange
of hematite with Fe(ID),q leads to the isotopic value
of 8%*Fe of Fe(Il),, approaching initial hematite.
Later on, 8°%°*Fe of Fe(ID),q exhibits an inflective tra-
jectory with more negative values following continu-
ous isotopic exchange. These data suggested that the
rapid heterogeneous recrystallization changes to slow
homogenous recrystallization over time, making the
5°%54Fe of Fe(Il),q approaching the equilibrium frac-
tionation value at the end of the reaction (Frierdich
et al. 2019a).

3 Mineralogical recrystallization of Fe oxides

Mineralogical recrystallization of Fe oxides is also
a primary process, in addition to the redox cycling
and atom exchange between Fe(Il),, and Fe(Ill) in
Fe oxides. Note that mineralogical recrystalliza-
tion is defined as the crystal growth of Fe minerals
with the same or different structure (Gorski and Fan-
tle 2017; Yund and Tullis 1991). When exposed to
Fe(Il),q, amorphous ferrihydrite can quickly convert
to a phase with higher crystallinity, such as goethite
and magnetite (Liu et al. 2016; Williams and Scherer
2004). Different from poorly crystalline minerals, no
new mineral phase is produced in suspensions involv-
ing crystalline Fe oxides such as goethite, hematite,
and magnetite when exposed to Fe(II)aq (Frierdich
et al. 2015a; Gorski et al. 2012; Handler et al. 2009).
This phenomenon was previously described as sim-
ple Fe(Il) adsorption—desorption (Zinder et al. 1986).
Afterwards, new evidences from more advanced
methods, including Fe isotope tracer, 5TFe-Moss-
bauer spectroscopy, and APT, reveal redox cycling
between Fe(ll),, and crystalline Fe oxide phases
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(Handler et al. 2009; Taylor et al. 2019a). Despite
no phase transformation, some minor changes occur
in the morphology and mineralogy of crystalline Fe
oxides (e.g., crystallite size, surface defective extent,
and Morin transition temperature) after reacted with
Fe(Il),q (Joshi and Gorski 2016; Notini et al. 2018;
Yanina and Rosso 2008). In addition, numerous stud-
ies identified the formation of intermediate phase,
such as labile Fe(IIl) intermediates, lepidocrocite and
goethite, which indicates the mass transfer pathways
of Fe atoms during Fe(Il),,-catalyzed recrystalliza-
tion (Boland et al. 2014; Karimian et al. 2017; Sheng
et al. 2020b). Here we discuss (1) the mineral varia-
tions during recrystallization and (2) the intermediate
phases of recrystallization.

3.1 Mineral variations during recrystallization

Ferrihydrite is an amorphous Fe oxide that read-
ily forms as the first mineral product of rapid Fe(III)
hydrolysis, or Fe(Il),, oxidation, and polymerization
(Cornell and Schwertmann 2004; Sheng et al. 2020b).
Once exposed to Fe(ll),q, ferrihydrite converts to
lepidocrocite and/or goethite over a couple of days
(Fig. 4) (Boland et al. 2013, 2014). Higher density
of solid-associated Fe(Il) enhances goethite growth,
while less sorption of Fe(ll),, leads to slower lepi-
docrocite growth rates (Li et al. 2022; Sheng et al.

Fig. 4 Overview of pro-
posed mechanistic model of
ferrihydrite recrystallization
in the presence of Fe(ID),,.
Lepidocrocite growth is
enhanced at lower Fe(II)aq
concentrations while condi-
tions leading to more rapid
adsorption of Fe(II)aq from
solution lead to quicker
goethite growth from either
ferrihydrite or lepidocroc-
ite. The figure is reproduced
from Boland et al. (2014),
with permission from ACS
publication

Ferrihydrite
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2020b; Shu et al. 2019). In contrast, ferrihydrite
without Fe(I),q has no observable phase transforma-
tion over the same period. Except for lepidocrocite or
goethite, magnetite phase can also form from recrys-
tallization of ferrihydrite when the Fe(Il),, density is
relative high (> 1 mmol Fe(Il)/g ferrihydrite) (Hansel
et al. 2005; Liu et al. 2016). Combination of Fe(Il),q
adsorption and structural transformation of ferrihy-
drite is responsible for the heterogeneous growth of
magnetite on ferrihydrite surface (Hansel et al. 2005).
Moreover, lepidocrocite is also a thermodynamically
metastable mineral in the environment (Cornell and
Schwertmann 2004). Phase transformation of lepido-
crocite to goethite in the presence of Fe(Il),, is also
observed (Hansel et al. 2005; Wang and Giammar
2015).

As for the phase of secondary mineral after recrys-
tallization, goethite is known as the more common
secondary mineral relative to lepidocrocite and mag-
netite (Boland et al. 2013; Hansel et al. 2005). Hema-
tite is rarely reported as the secondary mineral during
recrystallization under room temperatures because
higher pressures and/or temperatures are required for
the nucleation of hematite (Cornell and Schwertmann
2004; Liu et al. 2007; Schwertmann 1983; Teja and
Koh 2009). Liu et al. (2007) documented that high
temperatures (>60 °C) facilitate the formation of
hematite during Fe(Il),,-catalyzed recrystallization of

Continuous adsorption
nd oxidation of Fe(ll)

a

Lepidocrocite
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ferrihydrite. Beside these experimental observations,
calculation of thermodynamic driving forces and
nucleation energy barriers for magnetite precipitation
from ferrihydrite transformation has been reported in
literature (Li et al. 2022). The computational results
provided a new insight into the phase stability and
crystallization pathways of Fe oxides during Fe(Il),,-
catalyzed recrystallization (Li et al. 2022).

Furthermore, Fe(Il),-catalyzed recrystallization
of crystalline Fe oxides can result in the changes of
Fe oxide morphology and mineralogy, such as the
crystallite size, defective extent, and Morin transi-
tion temperature (Joshi and Gorski 2016; Larese-Cas-
anova and Scherer 2007b; Yanina and Rosso 2008).
Joshi and Gorski (2016) reported that polycrystalline
goethite particles consisting of smaller crystallites
undergo a preferential increase in the mean particle
width when exposed to Fe(II)aq. Southall et al. (2018)
also observed that the sizes of goethite crystallites
(width of sub-units that comprise the larger particles)
increased during the Fe(Il),,-catalyzed recrystalli-
zation. Surfaces at goethite tips are prone to reduc-
tive dissolution, while the nucleation and growth of
Fe(Ill) to neo-formed goethite preferentially occur
along the crystallite boundaries (Zarzycki et al.
2015a).

In addition to the crystallite sizes, the defective
extent and surficial morphology of Fe oxide may
change during recrystallization. For instance, if an
Fe oxide particle containing defects, Fe(Il),,-cata-
lyzed recrystallization of Fe oxide would preferen-
tially smooth the surface defects (Notini et al. 2018,
2019b). Because Fe(Il) oxidation on surface defects
is more favorable than perfect surface (Notini et al.
2019b). When exposed to Fe(Il),q, the recrystalliza-
tion of coupled growth and dissolution on different
hematite facets is observed (Rosso et al. 2010; Tay-
lor et al. 2018; Yanina and Rosso 2008). The dissolu-
tion of edge surfaces is linked to simultaneous growth
of the crystallographically distinct (001) basal plane
(Rosso et al. 2010; Yanina and Rosso 2008).

Furthermore, based on Maossbauer spectra, Wu
et al. (2021) suggested that hematite can undergo
Morin transition suppression after reacted with
Fe(Il),q, which is consistent with previous research
(Larese-Casanova and Scherer 2007a). This is
because the injected electrons that donated from
Fe(I) can be localized within the Fe(IlI) atom in
hematite, which can result in the Morin transition

suppression of hematite phase (Larese-Casanova and
Scherer 2007b; Wu et al. 2021).

3.2 Intermediate phases of recrystallization

During recrystallization, the intermediate phases,
such as labile Fe(Ill) intermediates, lepidocrocite and
goethite, play a critical role in indicating the mass
transfer pathways of Fe atoms. The labile Fe(IIl)
intermediates  originated from Fe(Il),, oxidation
are believed to control the kinetics of mineralogical
recrystallization of Fe oxide (Sheng et al. 2020a, b,
2021). Using a selective extractant (xylenol orange),
Sheng et al. (2020a) isolated the labile Fe(IIl) inter-
mediates from the Fe(Il)-ferrihydrite suspensions
and determined the recrystallization kinetics. Their
results suggested that the temporal accumulation and
consumption of labile Fe(Ill) are directly linked to
the formation of secondary mineral outcomes (Sheng
et al. 2020b). During Fe(II)aq—catalyzed transforma-
tion of ferrihydrite, the labile Fe(IIl) intermediates
assemble into goethite/lepidocrocite nuclei in a man-
ner of olation and oxolation reactions (Sheng et al.
2020a). In addition, pre-existing Fe oxides can func-
tion as template for the heterogeneous aggregation
growth of labile Fe(IIl) intermediate during Fe(ID),4-
catalyzed recrystallization (Notini et al. 2022). For
instance, pre-existing goethite or magnetite facilitate
the labile Fe(IIl) intermediate to assemble into new
goethite or magnetite in the Fe(Il)-lepidocrocite sys-
tem (Notini et al. 2022; Sheng et al. 2021).

Besides, a myriad of research documented Fe(Il) -
catalyzed recrystallization of ferrihydrite to magnet-
ite, via lepidocrocite and/or goethite intermediates,
which is coincident with Classical Nucleation Theory
(Boland et al. 2014; Zhang et al. 2019). Lower Fe(II)
surface loadings on ferrihydrite are more favorable
for formation of lepidocrocite than goethite, and lepi-
docrocite can further convert to goethite then to mag-
netite when exposed to Fe(1l),q continuously (Boland
et al. 2014).

4 Contributing factors of Fe(II),-catalyzed
recrystallization
The contributing factors on of Fe(II)-Fe(Ill) elec-

tron and atom exchange have been widely investi-
gated. For instance, the initial Fe(Il) concentration
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is reported to dominate the rates and products of
Fe(II)aq-catalyzed recrystallization (Handler et al.
2009; Kang et al. 2018). Moreover, the rate of Fe
atom exchange between Fe oxide and Fe(1),q is
restricted at lower pH and increased with the increase
in pH (Hansel et al. 2005; Reddy et al. 2015). In
addition to initial Fe(II) concentration and pH, the
effects of light irradiation (Shu et al. 2019), anionic
ligands (e.g., phosphate, sulfate, and silicate) (Borch
et al. 2007; Jang et al. 2003; Jones et al. 2009), and
organic contaminants (Cao et al. 2019; Klausen et al.
1995), on recrystallization kinetics are also investi-
gated. Among these contributing factors, we focus on
the mineralogical characteristics of Fe oxide such as
mineral identity, grain size, crystallinity, and crystal
facet as well as typical environmental factors includ-
ing pH, initial Fe(Il) concentration, metal(loid), OM,
and microorganism as the representative factors since
they have attracted the most extensive attentions in
this field (Bao et al. 2021; Latta et al. 2012a; Reddy
et al. 2015; Southall et al. 2018).

4.1 Mineralogical characteristics of Fe oxides

The identity of the initial Fe mineral greatly impacts
the degree of electron and atom exchange during
Fe(II)aq-catalyzed Fe oxide recrystallization (Fri-
erdich et al. 2015a, b; Reddy et al. 2015; ThomasAr-
rigo et al. 2017). Ferrihydrite can undergo almost
100% atom exchanges with Fe(II) and subsequently
complete phase transformation to goethite and lepi-
docrocite over a couple of days (ThomasArrigo et al.
2017). As for goethite, 68% of Fe atoms undergoes
atom exchanges with Fe(Il),, at pH 7.5 after 50 days
(Reddy et al. 2015). Under comparable conditions,
Frierdich et al. (2015b) disclosed 25% of Fe in hema-
tite can undergo exchanges with aqueous Fe(II) over
30 days, and Gorski et al. (2012) found that only
10% of Fe atom in magnetite undergoes exchange
with Fe(ID),g. which is close to the monolayer cover-
age of magnetite surface. These results showed that
when exposed to Fe(Il),y, poorly crystalline Fe oxides
would undergo more extensive and faster recrystal-
lization compared with crystalline Fe oxides. This is
mainly because that Fe oxides with smaller crystal-
lites have more surface area and sites to connecting
with Fe(Il),, (Gorski et al. 2012; Reddy et al. 2015).
In addition, Fe(Il),q catalyzed recrystallization
is regulated by mineral surface natures (e.g., grain
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size, specific surface area, and crystallinity) of the Fe
oxides. For instance, Frierdich et al. (2015b) reported
that 50 nm-hematite (54 m? g~') experiences~25%
of atom exchanges with Fe(I), while 80 nm-hematite
(27 m? g7') only experiences~5% under the same
conditions. By comparing the recrystallized extents
of goethite with different crystallites, Southall et al.
(2018) found that the goethite with 10 nm crystal-
lite sizes undergoes more atom exchanges with Fe(Il)
(~80% of exchange) relative to the goethite with
26 nm crystallite sizes (~10% of exchange). Similar
changes in morphology of individual goethite parti-
cle are also observed in both scanning electron micro-
scope (SEM) and transmission electron microscope
(TEM) images (Joshi and Gorski 2016). Fe oxides
with smaller particle and crystallite sizes usually
exhibit a higher specific surface area, leaving more
surface sites to interact with Fe(II)aq (Frierdich et al.
2015b; Southall et al. 2018).

Regarding the facet-selectivity of the crystal grain,
the types and proportion of facets exposed to the
solution control the reactivity of the mineral (Gabo-
riaud and Ehrhardt 2003; Hu et al. 2021; Huang et al.
2018; Lv et al. 2018; Weidler et al. 1998). As shown
in Fig. 5A-C, different facets of a singular hematite
crystal exhibit different reactivity to Fe(I), and sur-
face dissolution of hematite (h k 0) edge play a criti-
cal role in the coinstantaneous growth of the structur-
ally different (0 O 1) plane facet (Yanina and Rosso
2008). Using nanoscale secondary ion mass spec-
trometry (nano-SIMS), Taylor et al. (2019b) visual-
ized and quantified Fe isotopic distribution at the
interface of a 57Fe(II)aq and ®Fe-hematite system.
The 3'Fe/>®Fe ratios of hematite become higher after
reacting with 57Fe(H)aq, with the 3"Fe/*®Fe ratio of the
basal {001} facet significantly exceeding the ratios
of the {110} and {012} edge facets (up to 10 times
higher) (Fig. 5D, E). These results demonstrated a
strong selectivity of Fe(II) adsorption onto the hem-
atite basal {001} surface, which is consistent with
the previous observations when various single crys-
tal surfaces were used to absorb Fe(II)aq (McBriarty
et al. 2018; Yanina and Rosso 2008).

The reason of facet-selectivity of crystal on
Fe(Il),,-catalyzed recrystallization is that the different
crystal facets exhibit different Gibbs free energies to
Fe(I) adsorption (Taylor et al. 2019a). The connec-
tion of Fe(Il),, with hematite {001} facet appears to
be a more stable structure with lower energy relative
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A

t I sealed surface
[001] exposed surface
Il sealed conducting paste

Fig. 5 Schematic diagram summarizing the observed reaction
behavior of hematite crystals and showing a (001) pyramidal
growth coupled to (hk0) dissolution; b (001) and (hk0) disso-
lution for selectively sealed two-crystal cases where the same
surface area and type as in (a) are exposed to solution; and ¢
(001) pyramidal growth coupled to (hk0) dissolution facilitated
by a conducting paste connection between two crystals (Yanina

to {012} and {110} facets. Therefore, Fe(Il),-cat-
alyzed recrystallization of Fe oxide proceeds more
extensively on the reactive facet of the mineral crys-
tal. However, in Wu et al. (2021) hematite {012} was
identified to exhibit stronger reactivity to Fe(Il) than
hematite {001} during Fe(I),,-catalyzed recrystal-
lization of two hematite facets. The facet-specific
reactivity is attributed to the density and coordina-
tion conditions of surface Fe atoms (Wu et al. 2021).
The contradictory conclusions obtained from Taylor
et al. (2019a) and Wu et al. (2021) might be a result
of the use of different morphological hematite grains,
although further evidence is needed.

The exchange rate and degree between Fe(ll),,
and Fe mineral are linked to the density of surficial
defects (Russell et al. 2009; Southall et al. 2018).

Growth
pits

(012) 0023 __ . 0.31
7Fe/5oFe

5pum

5um 0.023 0.31

e 5’Fe/5°Fe

and Rosso 2008). Copyright 2008, with permission from
American Association for the Advancement of Science. SEM
and 57Fe/56Fe maps from nanoscale secondary ion mass spec-
trometry (nano-SIMS) on d unreacted and e reacted hematite
particles. This figure is adopted from Taylor et al. (2019a, b).
Copyright 2019, with permission from Royal Society of Chem-
istry

Fe(Il),4-catalyzed recrystallization in accompany
with elimination of the defective surficial sites form
a more perfect surface is believed to act as the ener-
getic driving force for Fe(II)-Fe(IIl) atom exchange
(Notini et al. 2018). Defective surficial sites enhanced
Fe(Il),q adsorption and electron injection into the
surficial Fe lattice, which results in the minimiza-
tion of surficial potential energy of Fe oxide (Alex-
androv and Rosso 2015; Notini et al. 2018). Using
STFe Mdossbauer spectra, Notini et al. (2018) found
that ground goethite with a defective grain surface
can oxidize more >’Fe(Il) to 57Fe—goethite relative
to goethite with a perfect surface. Based on APT,
Fe(Il),-catalyzed recrystallization is documented to
be a highly spatially heterogeneous process (Taylor
et al. 2019b). The defective sites of Fe exhibit higher

@ Springer



66

Rev Environ Sci Biotechnol (2023) 22:55-78

reactivity compared with perfect sites on the goethite
surface. Using novel molecular simulation methods,
Zarzycki and Rosso (2019) suggested that defective
surface accelerates atom exchange relative to the per-
fect surface via accessing the intra surface electron
conduction pathways of 2 nm up to 8 nm (Zarzycki
and Rosso 2019).

4.2 Typical environmental factors

It has been widely observed that increasing pH
or initial Fe(Il),, concentrations can notably pro-
mote Fe(Il)-catalyzed recrystallization (Frierdich
et al. 2015b; Li et al. 2022; Liu et al. 2016; Sheng
et al. 2020b). There are three possible reasons to
explain why pH and initial Fe(Il),; concentrations
significantly affect Fe atom exchange and mineral
transformation.

Firstly, pH controls the extent of Fe(II) adsorption
onto Fe oxides (Frierdich et al. 2015b). As a typical
cation adsorption process, the amount of adsorbed
Fe(II) on Fe oxides increases with the increase in pH
(Frierdich and Catalano 2012; Reddy et al. 2015).
The accumulation of surficial Fe(II) on Fe oxide min-
erals accelerates Fe atom exchange and phase trans-
formation (Handler et al. 2014).

Secondly, pH alters the driving force for inter-
facial Fe(I)-Fe(IIl) electron transfer (Reddy et al.
2015; Zarzycki and Rosso 2018). The geometry of the
Fe(Il)-Fe(I1I) surficial complex depends on pH: when
pH of the system is above the point of zero charge
(PZC) of the Fe oxide, an Fe(I)-Fe(Ill) inner-sphere
complex is formed on the negatively charged surface;
when pH is below the PZC, an outer-sphere complex
is formed on the positively charged surface (Zarzy-
cki and Rosso 2018). Because the pH dependence
of surficial complex geometry impacts the distance
and energetics for Fe(Il)-Fe(III) electron transfer, pH
can strongly regulate the rate and extent of Fe(ID), -
induced recrystallization of Fe oxides.

Lastly, pH impacts the identity of secondary min-
eral products from Fe(Il),,-catalyzed transformation
of ferrihydrite (Jang et al. 2003; Li et al. 2022). Based
on Classical Nucleation Theory, Li et al. (2022)
developed a unifying model that discloses the effects
of pH and redox conditions on thermodynamic driv-
ing forces and nucleation energy barriers of ferrihy-
drite transformation. Their modeling results demon-
strated that the thermodynamic driving forces and
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nucleation energy barriers for the transformation from
ferrihydrite to magnetite decrease with increase of
pH, but those for lepidocrocite, goethite or hematite
are constant over pH range 6.0-8.0 (Li et al. 2022).
Moreover, the energy barriers for magnetite transfor-
mation are lower than that for goethite transformation
at pH>7.0, leading to more magnetite precipitation
from Fe(II)aq—catalyzed ferrihydrite transformation in
alkaline systems (Li et al. 2022).

Nevertheless, excessive Fe(Il) on surface of Fe
oxide may modify the electrostatic surface potential
(Yanina and Rosso 2008), and then inhibits Fe atom
exchange between Fe(Il),, and Fe(Ill) in Fe oxide.
Once the amount of added Fe(Il) exceeds the mon-
olayer coverage of Fe oxide, interfacial Fe(II)-Fe(III)
electron transfer is inhibited because the excessive
Fe(Il) changes the bulk conduction and neutralized
the surface potential gradient of the mineral (Fri-
erdich et al. 2015b; Yanina and Rosso 2008). For
example, even when the amount of sorbed Fe(Il)
onto hematite reaches ~4 mM, only ~9% of Fe(Ill) in
hematite, i.e., approximately a singular layer, under-
goes atom exchange with the Fe(Il) (Frierdich et al.
2015b). In addition, less Fe atom undergoes exchange
between Fe(Il),, and hematite at pH 8.0 compared to
pH 7.5, even though the measured amount of Fe(II)
adsorption at pH 8.0 exceeds the surface site capacity
of Fe oxides in theory (Frierdich et al. 2015b).

In natural environments, many metal(loid)s coex-
ist with Fe(II)aq and Fe oxide and affect Fe(II)aq-cat—
alyzed Fe oxide recrystallization (Fig. 6). Previous
studies shown that the presence of magnesium (Mg),
calcium (Ca), zinc (Zn), barium (Ba), nickel (Ni),
aluminum (Al), uranium (U), and arsenic (As) can
slow down the Fe(Il), -catalyzed Fe oxide recrystal-
lization (Boland et al. 2011; Jang et al. 2003; Latta
et al. 2012a; Liu et al. 2016; Massey et al. 2014;
Perez et al. 2019). The competitive adsorption of
metal(loid)s decrease reactive surface sites favorable
for Fe(Il) and thereby inhibite the electron and atom
exchange and mineral recrystallization (Das et al.
2011). Additionally, the presence of As(V) is reported
to inhibit Fe(Il),,-catalyzed recrystallization though
formation of symplesite, a ferrous arsenate mineral
(Catalano et al. 2011). Also, Latta et al. (2012a) indi-
cated that pure goethite undergoes~40% of atom
exchange with Fe(Il), whereas Al-substituted goethite
only undergoes ~ 10% under the same condition. Both
incorporated and solid-associated metal(loid)s can
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Fig. 6 Schematic repre-
sentation of incorporation
and release cycling of
metal(loid)s across min-
eral-water interfaces during
the Fe(Il),,-catalyzed Fe 8
oxide recrystallization -
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hinder the conversion of ferrihydrite to other Fe min-
erals through the formation of a metal(loid)-coating,
thus blocking the reactive sites and preventing the
dissolution of Fe oxides (Ekstrom et al. 2010).

In addition to metal(loid)s, Fe oxides also have
a high affinity for OMs (Chen and Thompson 2021;
Redman et al. 2002). Chen et al. (2015) reported
that the rate and degree of mineral phase conversion
of OM-ferrihydrite decreased with increasing C/Fe
ratios, suggesting that phase transformation is lim-
ited by OM coprecipitation (Chen et al. 2015; Jones
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et al. 2009; Noor and Thompson 2022). Three inter-
pretations are proposed in the literature to explain
why OM coprecipitation inhibits the degree of
Fe(Il),,-catalyzed recrystallization (Fig. 7). Firstly,
the competitive adsorption between Fe(Il) and OMs
results in less Fe(II) adsorption on Fe oxides (Jones
et al. 2009). Secondly, Fe(Il),, can be stabilized by
the formation of Fe(II)-OM solution complexes and
further restricts the adsorption of Fe(Il) (Thom-
asArrigo et al. 2017). Thirdly, the incorporation
of OMs into pores and/or lattices of the Fe oxides

Fe

Fig. 7 Three probable interpretations for the inhibition of OMs on the Fe(Il),,-catalyzed Fe oxide recrystallization
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hinders the recrystallization process of Fe oxides
(Xiao et al. 2018).

Numerous studies indicated that OMs can
inhibit the phase transformation during Fe(Il),-
catalyzed ferrihydrite recrystallization. Despite no
apparent phase transformation, Zhou et al. (2018)
found that interfacial electron transfer still occurs
between the adsorbed Fe(Il) and OM-ferrihydrite
coprecipitations based on Fe isotope tracer and
STFe Mossbauer spectra. The macromolecular OMs
are believed to obstruct the nanocluster movement
and arrangement, thereby inhibiting the aggrega-
tion and generation of bigger crystals (ThomasAr-
rigo et al. 2018). In this case, ferrihydrite in OM-
ferrihydrite coprecipitation can only transform to
less crystalline Fe minerals, such as “new” ferrihy-
drite and nanoclusters of lepidocrocite-like struc-
ture, rather than goethite and magnetite, which
are the common mineral products in pure ferrihy-
drite experiments (Zhou et al. 2018). The negative
surficial charge from OM coprecipitation also pre-
vents oriented aggregation growth of ferrihydrite,
because the crystal growth and aggregation are
enhanced only when the surface charge is close to
the PZC of the mineral phase (PZCf,ipygriee & 7.0)
(Jones et al. 2009).

Microorganisms can function as a pump for Fe
redox cycling and accelerate mineralogical recrys-
tallization of Fe oxides (Fredrickson et al. 1998;
Weber et al. 2006a). The influences from the cell
density and ratio between electron donor and
acceptor on the secondary mineral formation in the
presence of the Fe(IlI)-reducing bacteria were also
investigated (Fredrickson et al. 2003; Hansel et al.
2003; Lies et al. 2005; Piepenbrock et al. 2011;
Xiao et al. 2018; Zachara et al. 2002). Hensel
et al. (2003) evaluated the effect of microbial res-
piration on the rate of ferrihydrite transformation,
and found that microbial Fe(IIl) reduction gener-
ates an increased amounts of Fe(Il) and thereby
boosts the transformation rate. In the presence of
Fe(IlI)-reducing bacteria, ferrihydrite converts to
less goethite and more lepidocrocite than that in
the absence of microorganisms (Xiao et al. 2018).
In addition, lower electron donor to acceptor ratios
cause recrystallization of poorly crystalline Fe
oxide to lepidocrocite and goethite, whereas higher
ratios lead to rapid dissolution and/or the genera-
tion of siderite (Fredrickson et al. 2003).
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In addition, biotic processes often have “vital
effects”, producing a larger discrepancy in isotope
abundance relative to equilibrium isotope exchange
in abiotic process (Beard et al. 2003). However,
Crosby et al. (2005) found that the interfacial
Fe(Il)-Fe(IlI) atom exchange resulted in equivalent
Fe isotope fractionations during both biotic and
abiotic processes, suggesting that the isotope frac-
tionation mechanisms are similar. Therefore, the
presence of microbe in Fe(Il),,-catalyzed recrystal-
lization only leads to elevated production of Fe(II)
without isotope fractionation (Crosby et al. 2005).

5 Analytical methodologies

Two broad categories of analytical methodologies are
frequently employed in the field of Fe(ll),-catalyzed
Fe oxide recrystallization (Table 1). First category of
techniques, including isotope tracers, >’Fe Mdssbauer
spectroscopy, and APT, are often employed to tes-
tify the redox cycling and isotope exchange between
Fe(Il),q and Fe(Ill) in Fe oxides. Fe isotope tracers is
a key technique that can determine the kinetics of Fe
atom exchange, which can be used for comparing the
effects of different influencing factors on recrystalli-
zation (Frierdich et al. 2015b; Handler et al. 2014).
Isotope tracers can be used in combination with >’Fe
Maossbauer spectroscopy or APT to investigate recrys-
tallization of Fe oxides. For example, Larese-Casa-
nova et al. (2007a) identified that Fe atom undergoes
rapid exchanges when 57Fe(H)aq reacted with °Fe-
hematite over a range of Fe(Il) concentrations and
pH values using Mossbauer spectra. >’Fe Mossbauer
spectroscopy is utilized to disclose the uniform 3’Fe
speciation in Fe oxide, while APT can unravel a non-
uniform Fe isotopic distribution in three dimensions
(Frierdich et al. 2019b; Kim et al. 2019). As a mass-
sensitive imaging technique, APT has high sensitivity
and spatial resolution for directly mapping the atomic
and isotopic distributions in mineral grains (Gault
et al. 2009; Kim et al. 2019). Besides, APT is adapted
to monitor “°Fe/’’Fe distributions on individual Fe
oxide crystallite at the atomic scale (Kim et al. 2019;
Taylor et al. 2018, 2019b). STFe Mossbauer, on the
other hand, can also be used to distinguish Fe species
because they would produce diverse peaks and fitting
parameters, i.e., isomer shift (§) and quadrupole split-
ting (A) (Larese-Casanova and Scherer 2007a).
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Table 1 (continued)

I

et al. (2020); Shu et al.

Boland et al. (2013); Hu
(2019)

References

This technique with less
than 100 instruments

Limitations

bonding environment of

Is markedly sensitive to the
the element of interest

Strengths

Quantifies the mineral
phases even in complex
soil/sediment samples

Functions

Technical background
tion in complex systems

X-ray absorption fine struc- To characterize the specia-

ture (NEXAFS)

Methodology

Springer

worldwide is not read-

on account of absorption
spectra depend directly on
the local bonding environ-

ily available to most

containing short-range-

researchers and also

ordered minerals such as

ferrihydrite

requires immense safety

precautions

ment of atoms

Second category of techniques, such as X-ray dif-
fraction (XRD), TEM, SEM, Fourier-transform infra-
red (FTIR) spectroscopy, and XAS are able to trace
the mineralogical recrystallization of Fe oxides when
exposed to Fe(Il),,. XRD is able to identify the min-
eral compositions based on the diffraction patterns of
space lattice in crystals. Numerous studies have docu-
mented the mineralogical conversion of Fe oxides
in the presence of Fe(Il),, using XRD (Hu et al.
2020; Liu et al. 2019). The morphological natures
of Fe oxides can also be used to identify the phase
composition (Hansel et al. 2005; Joshi and Gorski
2016; Zong et al. 2019). Both TEM and SEM can be
employed to monitor the mineralogical transforma-
tion of Fe oxide in this realm (Eusterhues et al. 2008;
Joshi and Gorski 2016; Taylor et al. 2019a). SEM can
provide information on topology while TEM provides
insight into aspects such as crystallinity (Zong et al.
2019). XRD full-pattern fitting, FTIR, Fe extended
X-ray absorption fine structure (EXAFS) and >'Fe
Mossbauer spectroscopy can be used to quantify the
relative proportions of diffident Fe phases in Fe oxide
after exposed to Fe(Il),,. XRD full-pattern fitting with
Rietveld refinements can be employed to calculate the
relative mass of each phase identified in the mineral
samples via analyzing integrated intensity of the dif-
fraction peaks and the crystal structure (Aeppli et al.
2019; Liu et al. 2016; ThomasArrigo et al. 2018). But
XRD full-pattern fitting is unfavorable for the recrys-
tallization of Fe oxide with the same structure. FTIR
can determine the relative ratio of Fe oxide in a mixed
Fe oxide suspension based on the peak height of sig-
nature peaks of references minerals (Xiao et al. 2017,
2018; Zhang et al. 2019). However, the accurate iden-
tification of FTIR absorbance bands is often hindered
by mineral interference (Wang et al. 2021). Moreover,
EXAFS also allows the identification of various Fe
phases and quantification of their relative proportions,
typically by linear combinations of reference spec-
trum (Boland et al. 2013; Hu et al. 2020; Shu et al.
2019; Sun et al. 2018). Sun et al. (2018) confirmed
the accuracy of EXAFS linear combination fitting for
quantifying Fe mineral composition even in complex
soil/sediment samples containing short-range-ordered
minerals such as ferrihydrite.
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6 Outlook

Current research in the field of Fe(Il),,-catalyzed Fe
oxide recrystallization have greatly improved our
understanding of the Fe redox cycle and advanced
our ability to predict the environmental behaviors of
many other vital elements. Nevertheless, to roundly
comprehend the details in Fe(Il), -catalyzed recrys-
tallization of Fe oxides, continued research efforts
are still warranted in several aspects. Disclosing the
underlying mechanism of electron and atom exchange
at Fe(Il)-Fe(Ill) interfaces can help us to better
understand Fe redox cycle in the environments. Pre-
vious theoretical studies disclosed the conversion
of adsorbed Fe(Il) from outer-sphere Fe(Il) species
to inner-sphere Fe(II) species before initiating the
interfacial electron transfer, which is the first step
in Fe(ll),-catalyzed recrystallization (Alexandrov
and Rosso 2015; Zarzycki et al. 2015a, b). However,
whether the formation of inner-sphere Fe(Il) species
is required to enable the interfacial electron transfer
remains unclear.

Exploring the isotope characteristics of Fe oxide
during recrystallization can help us understand the
mechanism of mineral-fluid exchange (Frierdich
et al. 2014a, b, 2019a). For example, it was reported
that the location of isotope exchange inflection,
i.e., change from heterogeneous to homogeneous
exchange, is considered relevant to surficial sites on
hematite during recrystallization, which can alter the
isotopic composition of hematite accordingly (Fri-
erdich et al. 2019b). Nevertheless, the role of other
morphological natures, such as the crystal facet and
crystallinity, in impacting the location of isotope
exchange inflection is still unknown. Several previous
research documented that the different exposed facets
of Fe oxide exhibit unique reactivity to Fe(II)aq-cata—
lyzed recrystallization (Taylor et al. 2019b; Wu et al.
2021). Nonetheless, an in-depth investigation on the
correlation between the exposed facets and isotope
exchange models is still missing.

Intermediate Fe(IV) species is observed as an
effective oxidant for toxic elements such as As(IIl) in
previous research (Hug and Leupin 2003; Pestovsky
and Bakac 2004; Qiu et al. 2017), which is detected
by 3’Fe-Mdssbauer spectroscopy in Fe(Il)-goethite
suspension using a rapid freeze—quench technique
(Hua et al. 2022). More evidences on the generation
of Fe(IV) species during recrystallization are required

for understanding and explaining anoxic oxidative
transformation processes in non-surface environ-
ments. However, there is still a lack of application
of the in situ spectroscopic technologies, such as
in situ XAS and Mossbauer spectroscopy, to monitor
the generation of intermediate Fe species. Since these
intermediates are easily decomposed during sample
preparation and handling (Hua et al. 2022; Pestovsky
and Bakac 2004; Sheng et al. 2020b). The applica-
tion of in situ spectroscopic technologies can provide
new insights into the mechanism of production of the
intermediate species during Fe oxide recrystallization
in this realm.

Additionally, the isotopic compositions of Fe oxide
are considered as a potential proxy for paleo-redox
conditions and used to study the biogeochemical
cycling of Fe in Earth history (Abrajevitch et al. 2009;
Guo et al. 2013). Fe isotope fractionation is expected
to be used to trace biological process of Fe cycling, as
it may produce a unique isotopic value different from
that in abiotic process (Beard et al. 2003). However,
Crosby et al. (2005) found that the Fe(II),, produced
from dissimilatory microbial Fe(III) reduction exhib-
its the same isotopic ratio with the Fe(Il),, that under-
goes abiotic exchange with Fe oxide. Thereby, micro-
bial Fe reduction may not change the isotopic ratio of
Fe(II) reduced from Fe oxides. Nevertheless, direct
measurement on isotopic ratio of the un-exchanged
Fe(Il) remains missing, because the formed Fe(II)
undergoes quick and sustaining exchange with the
Fe(III) in Fe oxide.

Lastly, although considerable progress has been
made in understanding the effects of various envi-
ronmental factors on Fe(ll),-catalyzed Fe oxide
recrystallization, the complexity of natural systems
still results in a lack of anticipation tools by far. The
majority of current experimental investigations are
limited to single, well-defined Fe oxide, and often
only involve either metal(loid)s or OMs. However,
in natural environments, Fe oxides coexist with other
Fe mineral phases and a mixture of other environ-
mental variables including organic and inorganic
pollutants, nutrients and trace elements (Bao et al.
2021; Eglinton 2012; Huang et al. 2021; Tishchenko
et al. 2015). A unifying modeling framework devel-
oped by Li et al. (2022) that can be used to predict
the kinetics and pathways of Fe oxide transformation
under a series of pH and redox conditions. However,
a theoretical model concerning more environmental
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substances such as metal(loid)s and organic carbon
effects on the stabilities and transformation of Fe
oxides remains missing. Overall, more experimen-
tal and theoretical studies are needed to explain how
a variety of Fe minerals coexisting with different
microbial and/or chemical species affect the process
of Fe(Il),-catalyzed Fe oxide recrystallization.
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