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Iron-bearing nanominerals such as ferrihydrite, schwertmannite, and green rust behave as metastable
precursors leading to the formation of more thermodynamically stable iron mineral phases (e.g., jarosite,
goethite, hematite, and magnetite). However, this transformation may last from days to tens or even hun-
dreds of years, making them the most predominant iron-bearing minerals at environmental conditions
and at the human time scale. The present review characterizes ferrihydrite, schwertmannite, and green
rust nanominerals according to their main physical and chemical properties, and at both nano- and meso-

Ilfg/rvivr?rg;.te scales. It also presents a comprehensive review of the multiple past and present Earth environments
Schweyrtmannite where these nanominerals have played, and still play, a pivotal role in the geochemistry, mineralogy
Green rust and environmental nanogeosciences of these environments. Finally, the present and future technological

applications of these nanominerals as well as their role in the generation of a more sustainable human-
Earth relationship is discussed, with a special emphasis on their use in new circular economies and green

based technologies.
© 2021 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0)).

Nanotechnology
Nanogeosciences

1. Metastable iron-bearing nanominerals

Nanominerals are those minerals that only exist in the
nanoparticle size range, often between ~1 nm up to a few to sev-
eral tens of nm, or clays that only exist with at least one dimension

Abbreviations: GR, Green rust; Fh, Ferrihydrite; Schw, Schwertmannite; SRO,
Short range order; MRO, Medium range order; LRO, Long range order; XTS, X-ray
total scattering; HRTEM, High resolution transmission electron microscopy; EXAFS,
Extended X-ray absorption fine structure; XANES, X-ray absorption near-edge
structure; IMA, International Mineralogical Association; XRD, X-ray diffraction;
STEM, Scanning transmission electron microscopy; PDF, Pair distribution function;
EELS, Electron energy loss spectroscopy; IR, Infrared spectroscopy; DTA, Differential
thermal analysis; ED, Electron diffraction; ND, Neutron diffraction; EA, Elemental
analysis.
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in that size range (Hochella et al., 2008). Separate from this,
mineral nanoparticles are those that refer to nanosized particles
of minerals that typically develop into larger crystals (from pm
to m). Both nanominerals and mineral nanoparticles display phys-
ical and chemical properties such as stability and reactivity that
could significantly change as a function of their size and shape
(Caraballo et al., 2015), and typically differ from the properties of
their bulk scale counterparts (if any). In this regard, metastable
environmental nanominerals (e.g., green rust, GR) and especially
the ones exhibiting very poor atomic order (e.g., ferrihydrite, Fh,
and schwertmannite, Schw) or amorphous structures (e.g., amor-
phous calcium carbonate, and amorphous silica) have been
reported to display a wide range of physicochemical properties like
solubility products, chemical compositions, and adsorption capac-
ities, among others (Caraballo et al., 2013). This review focuses on
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metastable environmental nanominerals within the Fe
geochemical cycle. More specifically, the review involves the
occurrence of three metastable nanominerals (i.e., Fh, Schw, and
GR) that can be formed along very broad ranges of water pH
conditions and redox environments (Fig. 1).

These three nanominerals are especially useful for showing the
implications resulting from different grades of crystallinity includ-
ing specific and special physicochemical properties. As shown in
Fig. 1a, GR is typically characterized by a well-defined crystal
structure with long range order predominantly in two spatial
directions, whereas Fh and Schw are typically poorly or very poorly
crystalline (i.e., exhibiting only medium- or short-range order) in
all spatial directions. In addition, and as will be discussed in-
depth during this review, these three nanominerals of metastable
nanominerals have been reported as ubiquitous in surficial natural
and anthropogenic environments. They are being intensely studied
as possible nanomaterials for various environmental and techno-
logical applications.

For the sake of clarity, the iron metastable nanominerals formed
in oxidizing environments (Fh and Schw) will be presented first,
followed by the iron metastable nanomineral formed in reducing
environments (GR).

1.1. Giving recognition to Fe metastable nanominerals

Iron metastable nanominerals do not fit the aspects of the long-
standing formal definition of a mineral as a homogeneous sub-
stance with clearly defined chemical composition and crystalline
structure (Hochella et al., 2008). However, despite the lack of con-
sensus regarding their crystal structures, homogeneities, and even
compositions, and regardless whether they are considered as very
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poorly ordered or even partially amorphous nanominerals, Fh,
Schw and GR were first considered to be minerals a few to many
decades ago (i.e., 1935, 1948, 1994; respectively). Notwithstanding
these original assessments, scientific research on these nanominer-
als did not significantly increase until the last two or three decades
(Fig. 2). This likely came about due to the improvement and better
availability of state-of-the-art analytical techniques, mainly high-
resolution transmission electron microscopy (HRTEM) coupled
with electron spectroscopy and diffraction, and synchrotron-
based techniques (e.g., X-ray total scattering, XTS; extended
X-ray absorption fine structure, EXAFS; X-ray absorption near edge
structure, XANES), needed to unambiguously identify and study
these nanominerals (Caraballo et al., 2015).

As shown in Fig. 2, Fh is by far the most studied and reported
iron-bearing nanomineral among the those covered in this review,
followed by GR and finally Schw. Together, they account for more
than 4,500 new publications just in the last decade.

Natural ferrihydrite (Fh) was first described on the walls of the
old mine workings in the Altay deposits (Chukhrov et al.,, 1971).
The diffraction patterns of this material (Chukhov et al., 1974;
Chukhrov et al., 1972) were consistent with those obtained from
a synthetic Fe (hydr)oxide precipitate obtained by forced hydroly-
sis of a ferric nitrate solution and for a Fe micelle extracted from
ferritin, a biological Fe storage protein (Towe and Bradley, 1967).
The name ferrihydrite was proposed by Chukhov et al. (1974)
and Chukhrov et al. (1973), and both the mineral and name were
approved shortly thereafter by the International Mineralogical
Association (IMA) (Fleischer et al., 1975). Now, the ubiquity of fer-
rihydrite as a naturally occurring nanomineral is well-recognized
and presently it is found globally in surface aerated environments
(see also Section 2.2 below).
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Fig. 1. (a) Schematic diagram organizing iron-bearing nanominerals (i.e., schwertmannite, ferrihydrite, green rust) and mineral nanoparticles according to their range order
(SRO, MRO and LRO stands for Short-, Medium, and Long Range Order; modified from Caraballo et al. 2013). Pourbaix diagrams showing the main predominance fields for the
(b) metastable phases in a suboxic groundwater (modified from Perez et al., 2020) and (c) Fe-S-K-O-H system at 298 K and 1 bar (modified from Caraballo et al., 2013). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Number of new publications by decade for the three nanominerals under
study. Colored stars mark each nanomineral first report. Based on three different
searches on Web of Science (09-14-2021) using the following searching criteria:
TITLE-ABS-KEY: “mineral name”. Mineral name: ferrihydrite or green rust or
schwertmannite. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Schwertmannite (Schw) is an abundant, poorly crystalline ferric
oxyhydroxysulfate mineral that primarily precipitates in acidic
sulfate environments (Section 2.2). Early studies described it as
an ochreous ferrihydrite-like precipitate isolated from a stream
receiving acid-sulfate mine drainage (Brady et al., 1986) and also
as a mineral synthesized in the laboratory by bacterially-induced
oxidation of an FeSO, solution at pH 2.5 (Murad, 1988). Several
years later, Bigham et al. (1990) described and identified a poorly
crystallized oxyhydroxysulfate of iron formed by bacterial oxida-
tion of Fe(Il) in acid mine effluents in the eastern Ohio coalfield
and from drainage exiting an abandoned copper-arsenic mine in
Finland. Its atomic structure was thought to be similar to a tunnel
structure akin to that of akaganeite. This poorly crystallized oxyhy-
droxysulfate of iron was approved as a mineral by the IMA in 1990.
Two years later in 1992, the Commission on New Minerals and
Mineral Names accepted the name “schwertmannite”, in honor of
professor Udo Schwertmann, for this ferric oxyhydroxide sulfate
with the ideal formula between FegOg(OH)sSO4 and Fe;5016(-
OH)10(S04)3 (Bigham et al.,, 1996, 1994, 1990). Bigham et al.
(1994) also suggested the presence of Schw as a new oxyhydroxy-
sulfate of iron in the Pyhdsalmi sulphide mine, Province of Ouluy,
Finland and Schwertmann et al. (1995) reported the first fully nat-
ural occurrence of Schw in a small stream draining a pyritic schist
at the Pfitscher Joch (Zillertaler Alps, Austria). Since then, the pres-
ence of Schw has been reported in almost every country in the
world reporting the existence of natural or anthropogenic acid sul-
fate waters (e.g., Acero et al., 2006; Asta et al., 2010a, 2010b;
Burton et al., 2007; Fitzpatrick et al., 2012; Fukushi et al., 2003;
Kawano and Tomita, 2001; Regenspurg et al., 2004).

GR phases are mixed-valence Fe layered hydroxide that were
originally studied as metastable intermediates during the corro-
sion of steel (and other ferroalloys) under near-neutral to alkaline
conditions (Girard & Chaudron, 1935; McGill et al., 1976; Stampfl,
1969). They are typically found in between the upper layer of the
corrosion products and the metallic iron substrate (Takahashi
et al., 2005; Suzuki et al., 2007). The first synthetic GRs were first
reported in 1950, and were synthesized in the laboratory either

Gondwana Research xxx (xXxXx) XxXx

by titration of a mixed Fe?* and Fe*" solution with NaOH until
near-neutral pH (Arden, 1950), or oxidation of ferrous hydroxide
(white rust; Fe(OH),) precipitate (Feitknecht and Keller, 1950).

Although first observed as a corrosion product, their presence in
natural environments have long been suggested by the bluish-
green shade of poorly drained (i.e., hydromorphic/gley) soils which
turn ochre upon exposure to air (Taylor, 1980). In 1997, Trolard
et al. (1997) identified a naturally occurring GR belonging to the
hydrotalcite group, for the first time, in a gley soil in forest of Fou-
géres in Brittany, France using >’Fe Méssbauer spectroscopy and
microprobe Raman spectroscopy. GR was finally recognized as a
mineral in 2003 with the name fougerite (IMA 2003-057), based
on the forest of Fougéres in Brittany where it was first identified
(Trolard et al., 2007).

1.2. Crystal structure and main physical and chemical properties

Having the correct structural model of an amorphous, nearly
amorphous, or polyphasic solid, as in the case of crystalline mate-
rials, is crucial in understanding its physical-chemical characteris-
tics and behavior in both natural and materials science settings. A
reliable structural model is essential to predict the thermodynamic
and magnetic properties (Guyodo et al., 2006; Majzlan et al., 2004;
Navrotsky et al., 2008), as well as the solid surface and chemical
reactivity, which plays a key role in the sorption and release of pol-
lutants (Burton et al., 2009; Lozano et al., 2020; Marouane et al.,
2021; Waychunas et al., 1993). However, the determination of
the structure of natural nanominerals is often times problematic
due to their small sizes, disordered structure, and structural vari-
ability exhibited under different environments (Caraballo et al.,
2015). In bulk crystalline materials, sharp Bragg reflections that
arising from lattice periodicity (i.e., long-range order; LRO) contain
enough information to solve the structure. However, due to the
absence of these Bragg spots or reflections in amorphous materials,
the characterization of their structures has been challenging for the
scientific community. This is mainly caused by the limitation of
traditional ‘Bragg scattering’ techniques to elucidate the nanos-
tructure of mineral nanoparticles (Caraballo et al., 2015; Sestu
et al.,, 2017). However, the refinement and development of a wide
array of nanoscale techniques (e.g., HRTEM), synchrotron-based
methods (e.g., XTS, EXAFS and/or XANES spectroscopies) and com-
putational methods (e.g., ab initio calculations, Monte Carlo simu-
lations, pair distribution functions, etc.) have allowed for a
description of the structural ordering over short- and medium-
range length scales and obtaining a better characterization of
nanominerals (Caraballo et al., 2015; Maurice and Hochella,
2008; Trejos et al., 2021; Schneider et al., 2020; Lima et al,
2021; Oliveira et al., 2021a).

1.2.1. Ferrihydrite

The structure of Fh has been the subject of debate and the
object of numerous studies over the past 50 years (Eggleton and
Fitzpatrick, 1988; Gilbert et al., 2013; Harrington et al.,, 2011;
Hiemstra, 2013; Janney et al., 2001, 2000; Maillot et al., 2011;
Manceau, 2011, 2009; Michel et al., 2007; Rancourt and Meunier,
2008; Towe and Bradley, 1967; Zhao et al., 1994). Despite the valu-
able information provided by those studies, an unequivocal
description of the atomic structure and composition of Fh have
not been yet accepted (Sassi and Rosso, 2019a). Key aspects of this
problem reside in the combination of a very small particle size giv-
ing rise to severe powder diffraction peak broadening, a high
degree of defect incorporation (Funnell et al., 2020), and to its com-
positional variability sensitive to the conditions of formation such
as temperature, pH, aging time, etc. (Sassi and Rosso, 2019a). From
all the structural models proposed over the years (see Table 1 and
reviews from Bowles, 2021; Jambor and Dutrizac, 1998; and Singh
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Table 1
Main studies proposing a Fh crystal structure. Modified from Chappell et al. 2017.
Study Techniques Sample type Implications
Used
Towe and Bradley, IR; XRD; DTA Ferritin; 2L-Fh, prepared at 85 °C. Samples dried at Hematite-like structure; Oct and Tet Fe sites

1967 50 °C and 110 °C

Harrison et al., 1967  XRD and ED Ferritin

Heald et al., 1979 XAFS Ferritin

Eggleton and XANES; ED; 2L-Fh and 6L-Fh. Prepared at 60 °C and 75 °C,
Fitzpatrick, 1988  XRD, DTA respectively

Drits et al., 1993 XRD 2L-Fh and 6L-Fh

Zhao et al., 1994 XAFS 2L-Fh and 6L-Fh. Prepared at various temperatures

between 50 °C and 500 °C
Manceau and Gates,  XANES 2L-Fh and 6L-Fh prepared at 92 °C and air-dried at

1997 25 °C

Jansen et al., 2002 XRD, ND 6L-Fh Prepared at 75 °C
Michel et al., 2007 XRD, PDF 2L-Fh prepared at 23 °C, 3L-Fh, 6L-Fh prepared at
75 °C
Rancourt and XRD 2L-Fh prepared at 60 oCand dried at 110 °C. 6L-Fh
Meunier, 2008 prepared at 75 °C
Malliot et al., 2011 XAFS 2L-Fh prepared at 75 °C, air-dried. 4L-Fh, 5L-Fh, and

6L-Fh

Vaughan et al., 2012 EELS 2L-Fh and 6L-Fh. Prepared at 70 °C

Chappell et al.,, 2017  ND, PDF, XRD,  2L-Fh, prepared at 20 °C, dried at 40 °C
EA
Funnell et al., 2020 PDF, RM 2L-Fh

Oct and Tet Fe sites

Oct and Tet Fe sites

Oct and Tet (36%) Fe sites; development of maghemite after 300 oC
Three-component model; defective, defect-free and ultradispersed
hematite (10%). Oct Fe only sites

Oct and Tet (10%) Fe sites. Tet sites at the surface

Oct Fe sites. Over estimation of Tet Fe sites, from previous study

No hematite. 50% defective, 50% defect-free phases
Single-phase model with both Oct and Tet (20%) Fe sites

Single-phase structure incorrect
Oct and Tet (15%-35%) Fe sites

Oct and Tet (10%) Fe sites
Single-phase model resolved

Single-phase model gave the best fit

IR: Infrared spectroscopy; XRD: X-ray Diffraction; DTA: differential thermal analysis; ED: electron diffraction; ND: neutron diffraction, EXAFS: X-ray absorption fine structure;

XANES: X-ray absorption near edge structure.

PDF: pair distribution function; EELS: electron energy loss spectroscopy; EA: elemental analysis.

et al., 2010), there are mainly two competing models that are still
debated within the community: (i) a multi-phase model (Drits
et al., 1993) and (ii) a single-phase model (Michel et al., 2010,
2007) (Fig. 3).

The multi-phase model, based on X-ray diffraction (XRD)
patterns and EXAFS spectroscopy (Manceau and Drits, 1993), pro-
poses that ferrihydrite has a trigonal structure (space group P31c)
composed of three different phases: (i) a major defective, randomly
occupied phase; (ii) a minor defect-free close packing phase and
(iii) low levels of ultradispersed hematite. The defect-free phase
shows an ABACA oxygen packing sequence wherein Fe atoms
occupy 50% of the available octahedral sites, having the anionic
packing with unit cell parameters (a = 2.96 A and ¢ = 9.4 A) similar
to the ones proposed by Harrison et al. (1967). The defective ferri-
hydrite structure consists of randomly sequenced ABA and ACA
structural fragments. The defect-free phase is similar to feroxyhite
(6-FeOOH). The third component is an ultradispersed phase, which
is a combination of subordinate amounts of nanocrystalline phases,
including hematite (a-Fe,03) and a spinel-type phase (maghemite,
v-Fe;03 or magnetite, Fes0,4), and highly-defective material. This
model was supported by EXAFS and XANES results of Manceau
and Gates (1997) examining the surface structure of ferrihydrite,
which show that the octahedral-only three-phase model provides
a match with their experimental data. Furthermore, this model
has been confirmed by neutron and X-ray Rietveld refinement,
electron nanodiffraction, and high angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) imaging
(Janney et al., 2000; Jansen et al., 2002; Manceau, 2019). It is note-
worthy that Jansen et al. (2002) suggested that the ultradispersed
hematite was not required to obtain a good fit to the neutron
diffraction pattern for six-line Fh. However, these results contrast
with those of other studies based on EXAFS, XANES and electron
energy loss spectroscopy (EELS) techniques (Eggleton and
Fitzpatrick, 1988; Heald et al., 1979; Vaughan et al., 2012), which
showed that ferrihydrite contains both octahedral and tetrahedral
iron sites, although there is disagreement over the percentage of
tetrahedral Fe.

On the other hand, Michel et al. (2010, 2007) proposed a
single-phase model by analyzing the pair distribution function
(PDF) derived from direct Fourier transformation of total X-ray
scattering. This model structure, based upon isostructural akda-
laite (Al;9014(OH),, space group P63mc), consists of 20% of the iron
atoms involved in tetrahedral coordination and the remaining 80%
in the typical octahedral coordination. This mix of octahedral and
tetrahedral iron sites agrees with other reported models
(Eggleton and Fitzpatrick, 1988; Harrington et al., 2011; Heald
et al., 1979; Maillot et al., 2013; Vaughan et al., 2012; Zhao et al.,
1994). Very recently, experimental and theoretical studies also
support the Michel structure model (Chappell et al, 2017;
Funnell et al., 2020; Sassi and Rosso, 2019a). However, this model
has received criticisms related to the tetrahedral Fe-O bonds,
inconsistencies with XRD patterns, and the anomalously H-poor
formula (Fe;9014(OH);) compared to other measurements of ferri-
hydrite (Manceau, 2011, 2009; Manceau et al., 2014; Rancourt and
Meunier, 2008).

Diffraction and pair distribution function (PDF) measurements
have proven insufficiently discriminating to rule out either the
multi-phase or single-phase model in any definitive sense
(Funnell et al., 2020), because although they individually show in
general an agreement with XRD and PDF, respectively, neither
agree fully with both measurements simultaneously (Sassi and
Rosso, 2019a). The difficulty in all comparative studies is that the
Drits model requires significant simplifications (Manceau et al.,
2014) to allow its complex composition to be approximated by a
single damped periodic structure (Funnell et al., 2020). Recently,
Sassi and Rosso (2019b) suggested that different structures for
the core of ferrihydrite could simultaneously coexist. While the
Michel model could be representative of a “dry” phase of ferrihy-
drite, the Drits model could well represent a “wet” phase
counterpart.

The chemical composition of Fh have remained uncertain for a
long time because the variability observed in the amounts of OH
and H,O relative to Fe (Fleischer et al., 1975; Russell, 1979;
Stanjek and Weidler, 1992; Towe and Bradley, 1967; Xu et al,,
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Fig. 3. a Representative slices of non-defective and b defective particles in the multiphase (MP) model of Fh, viewed along the(1 1 O)direction. White spheres represent Fe
atoms, red, O atoms, and blue, water molecules. O anion vacancies can occur in defective particles where all neighboring Fe atoms are randomly vacant—inclusion of oxygen
would be equivalent to the presence of water. c Hematite structure, which forms a third, minority, component of the MP model. d Single-phase (SP) model, where Fe1, Fe2 and
Fe3 sites are shown as light grey, brown and black polyhedra, respectively. Reproduced with permission from Funnell et al. (2020). Copyright © Nature Publishing Group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2011). The problem arises from the difficulty of separating struc-
tural hydroxyl and water from physically sorbed water, and there-
fore, many chemical formulas for ferrihydrite have been proposed
(Table 2).

Considering all of them, the most widely accepted Fh formula is
the initially suggested formula FesHOg-4H,O (Chukhrov et al.,
1972; Towe and Bradley, 1967). The same heterogeneity and dis-
crepancies have been reported regarding the numerous solubility
products proposed for 2-line and 6-line Fh (Table 3).

Most of the estimates for equilibrium constants have been
reported for the following reactions:

Table 3
Solubility products for ferrihydrite.

Reference

Truesdell and Jones (1974)
Nordstrom et al. (1990)
Biedermann and Schindler (1957)
Schindler et al. (1963)

Equilibrium constants

logK; = 4.891

logK; = 3.0 to 5.0
logK; =3.96 £ 0.1
logK; = 3.55 £ 0.1

logK, = -37.3 Langmuir and Whittemore (1971)
logK, = -39 Norvell and Lindsay (1982)
logk, = -31.7 Fox (1988)!

logK; = 4.3 £0.25
logK; = 4.23 £ 0.70
logK; = 5.06 * 0.35

Yu et al. (1999)
Yu et al. (2002)3
Yu et al. (2002)?

(1) Fe(OH); + 3H" = Fe3" + H,0 (K; = apes3+
(2) Fe(OH); =

The significant discrepancies (up to three orders of magnitude

Fe3* + 30H™ (K> = pe3+

- ady.)

2 logk; - 3.4+ 0.5 - 40 £ 0.5
A logK; -3.0£ 0.5 -3.4£05

logK, = -39.5 + 0.1

logK> = -38.6 + 0.2

logK, = -38.5 + 0.1
logK, = -39.5 + 0.1

Majzlan et al. (2004)*
Majzlan et al. (2004)*
Baes and Mesmer (1976)
Stefansson (2007)
Hiemstra (2015)*
Hiemstra (2015)?

and moving from negative to positive values) observed among
the reported solubilities (Table 3) have been attributed to the
low crystallinity, variable chemical composition and metastability
of ferrihydrite with respect to other iron phases (e.g., goethite), and
differences in age and particle size (Yu et al., 2002). Other reasons
pointed out for the uncertainty in the solubility product values
include the absence of hydrolysis species in the calculations (i.e.,
equilibrium may not have reached), or that the purity and compo-
sition of ferrihydrite may have not been checked (Cornell and
Schwertmann, 2003).

1.2.2. Schwertmannite

Regarding Schw, the first model describing the structure of a
“poorly crystalline sulfate oxyhydroxide” was proposed by
Bigham et al. (1990). These authors synthesized akaganeite-like

Table 2
Most frequent chemical formulas proposed for Fh.

Formula Reference

Fes HOg-4H,0
5Fe;03-9H,0

Towe and Bradley (1967), Chukhrov et al. (1972)
Chukhrov et al. (1972)

Feg(O4H3)3 Chukhrov et al. (1973)

Fe,03-2FeO0H-2.6H,0 Russell (1979)

Fe(OH); Jambor and Dutrizac (1998), Majzlan et al. (2004),
Navrotsky et al. (2008)

Fe,03-9H,0 Chukhrov et al. (1972)

Fe,05-3H,0 or-2H,0 Eggleton and Fitzpatrick (1988)

Fe45(0,0H,H,0);> Generalization of the two formulas given by
Eggleton and Fitzpatrick (1988)

FeOOH Manceau et al. (2014)

FesOgH Michel et al. (2010, 2007)

1 Constant calculated as ares. - agi’.
2 Value proposed for 6-line ferrihydrite.
3 Value proposed for 2-line ferrihydrite.

minerals with varying concentrations of sulfate. Based on the sim-
ilarities of the XRD patterns obtained with the 8-diffraction lines
characteristic of Schw, they suggested an akaganeite-like structure
with the sulfate groups replacing the chlorides. Although other
structures have been proposed, for example, a Fh-like structure
(Loan et al., 2004), there is a general agreement that the schwert-
mannite structure consists of double chains of edge-sharing FeOg
octahedra that form 2 x 2 channels where sulfate ions are located
(Barham et al., 1997; Bigham et al.,, 1990; Fernandez-Martinez
et al,, 2010; Waychunas et al.,, 1995). This model was supported
by the results of Fernandez-Martinez et al. (2010) based on PDF,
XRD, and density functional theory (DFT) calculations. These
authors suggested a deformed frame of iron octahedral similar to
akaganeite, in which two sulfate molecules per unit cell form an
outer-sphere and an inner-sphere complex inside the iron octahe-
dral channels, which was also proposed by Boily et al. (2010), and
later confirmed later by Sestu et al. (2017) using Reverse Monte
Carlo/Debye Scattering Equation (RMC/DSE) refinements combined
with S K-edge XANES information. The Schw structure refinement
proposed by Sestu et al. (2017) is shown in Fig. 4.

An important result of this study is the unequivocal presence of
goethite in Schw samples, usually hidden in the diffuse scattering
of the diffraction pattern due to its difficult detection with conven-
tional techniques. In addition, these authors also suggested that
this could explain the wide range of values for the solubility
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Fig. 4. Three-dimensional particle model for Schw obtained after the RMC
refinement of the Bigham model. Red spheres are O atoms, brown spheres are Fe
atoms and yellow spheres are S atoms (Sestu et al., 2017). Reproduced with
permission of International Union of Crystallography, according to the terms and
conditions of use of material published by the International Union of Crystallog-
raphy. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

product reported in the literature (e.g., Caraballo et al., 2013). In
the same line of reasoning, the concept of polyphasic nanominerals
was coined, in the HRTEM study performed by French et al., (2012),
to name the coexistence of nanodomains with goethite crystal
structure and amorphous nanodomains forming Schw.

Similar to Fh, the chemical formula of Schw has also been the
object of controversy and wide discrepancies. The first chemical
formula, FegOg(OH)s_x(SO4), with x varying from 1 to 1.75, was
proposed by Bigham et al. (1994). Later, Yu et al. (1999) estimated
that x varies from 1.74 to 1.86. In an attempt to settle these dis-
crepancies, Caraballo et al., (2013) used data from 30 different pure
Schw samples from around the world and reported an even wider
range for x, spanning from 0.75 to 2.58. This uncertainty on Schw
compositional range could be explained by the different location of
the sulfate groups in the structure (Fernandez-Martinez et al.,
2010). As it was shown for Fh, this wide range of Schw bulk che-
mistries and the very different environmental conditions where
it can be formed (e.g., water pH, temperature, elemental concentra-
tions, presence of bacteria, etc.) induce the existence of a corre-
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sponding wide range of solubility constants (Caraballo et al.,
2013 and references therein). In this regard, Caraballo et al.
(2013) obtained a range for the logarithm of the solubility product
(Ksp) of 30 natural samples between 5.8 and 39.5. Nevertheless, the
most commonly accepted and used values for the log K, are still
7.06 £ 0.09 (Kawano and Tomita, 2001), 10.05 + 2.5 (Yu et al,
1999) and 18.0 % 2.5 (Bigham et al., 1996).

1.2.3. Green rust

On the other hand, GR belongs to the hydrotalcite supergroup of
LDHs, and is therefore composed of positively charged brucite-like
layers of octahedrally coordinated Fe(Il)-Fe(Ill) hydroxides that
alternate with negatively charged interlayers of anions and water
molecules (Fig. 5; Usman et al., 2018).

These brucite-like layers and interlayer regions are held
together by hydrogen bonding and electrostatic forces. GR is usu-
ally represented by the general formula, [Fef}_,Fe"(OH),[**[(x/n)
A" .mH,0J", where A" is the intercalated anion, x is the molar
fraction of Fe'!, [Fe'!]/[Fewa]. Although there is no established
nomenclature for naming different phases, GR is usually named
based on the anionic species present in the interlayer: GR, where z
is the interlayer anion. An overview of common GR phases is shown
in Table 4.

The molar fraction (x) of Fe(Ill) in the GR structure typically
ranges from 0.25 to 0.33 (Murad and Taylor, 1984). The upper limit
of X ~ 0.33 ensures a long-range order of Fe(Il) cations surrounded
by six Fe(Il) cations in hexagonal arrangement (Génin et al., 2005).
Moreover, GRs with x > 0.33 are quasi-absent due to strong electro-
static cation-cation repulsion in the crystal structure as a result of
the high density of Fe(Ill) octahedral in the hydroxide layer. This
leads to a disordered Fe hydroxide structural lattice and can act
as nuclei for the formation of additional mixed-valent iron solid
phases such as magnetite (Fes04) (Génin et al., 2005; Newman
and Jones, 1998; Ruby et al., 2003).

The nature of the intercalated anions between the Fe(II)-Fe(III)
hydroxide layers influences the structure and composition of GR.
Depending on the intercalated anion, GR can be classified into
two major groups: green rust one (GR1) and green rust two
(GR2) (Bernal et al., 1959). GR1s have spherical or planar anions
(e.g., C1I~, CO3") while GR2s have tetrahedral anions (e.g., SO,
Se03") intercalated in their respective layered structure. The differ-
ence in the molecular geometry of the corresponding intercalated
anion in GR results in different characteristic stacking arrange-
ments of the Fe(Il)-Fe(Ill) hydroxide layers along the c-axis, and
in turn their corresponding basal spacing (dp). The crystal structure
of GR1 is isomorphous to pyroaurite (MghFel(OH),5C05-4H,0) or
hydrotalcite (Mg4FeJ(OH);,C03-3H,0). Hence, GR¢; (dg ~7.6 A) and

Fig. 5. (a) Crystal structure of GRso4 along the [001] zone axis showing the Fe(II)-Fe(IlI) brucite-like layers and the interlayer region containing a double sheet of hydrated
S03~ ions. (b) Projection of the GRso4 structure on the (001) plane illustrating the hexagonal octahedrally coordinated Fe(Il) and Fe(lll) hydroxides. Crystal structure was
drawn using Mercury software (Macrae et al., 2008) based on the crystallographic information from Simon et al. (2003).
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Table 4
Overview of known natural and synthetic GR phases based on the interlayer anion.
Anion Chemical formula Space Cell Basal Synthesis route Reference
group parameters spacing (A)
a c(A)
(A)
Inorganic
Br- - R3m 3.18 2238 - Oxidation Bernal et al., 1959
cl- FeliFe""(OH)gCl-mH,0 R3m 319 239 7.95 Oxidation Refait et al., 1998a
Clos~ FellFeJ(OH);0(Cl04),-mH50 - - - - Oxidation Vins et al., 1987
Co3~ Fel{Fel(OH);,C05-3H,0 R3m 318 227 7.57 Coprecipitation Aissa et al., 2006
3.16 225 - Oxidation Drissi et al., 1995
3.16 225 - Electrochemical Legrand et al., 2001
deposition
F- FelFe!''(OH)sF-mH,0 - - - - Oxidation Choi and Batchelor, 2008
I - - 3.19 2438 - Oxidation Vins et al., 1987
OH~ (Fe" Mg)sFe ' (OH)5-4H,0 (fougerite) R3m 313 22.7- Naturally occuring Trolard et al., 2007
23.9
Se03~ FeliFeJ(OH);,Se0,4-8H,0 P3m1 - - Oxidation Refait et al., 2000
S03~ FellFeJ(OH),505-mH,0 R3m 322 234 Oxidation Simon et al., 1998
S03~ FeiFeJ(OH);,504-8H,0 P3m1 552 11 11 Oxidation Simon et al., 2003
3.18 109 109 Coprecipitation Géhin et al., 2002
S03~ (Na) NaFelFe(OH),5(S04),-12H,0 P3 953 11 11 Oxidation Christiansen et al., 2009b
Organic
Benzene FeliFeS(OH);2(CHeS03)02(S04)0.5-mH,0 - - - 14.3 lon exchange Perez et al., 2018
sulfonate
Formate FellFeJ(OH);4(CHO,),-3H,0 R3m - - - Oxidation Genin and Ruby, 2008; Refait
et al.,, 2007
Lactate FelFe'(OH),C3H503-mH,0 R3m 318 44.1 14.8 Oxidation Sabot et al., 2007
LAC? - - - - 28.3-44.4 Ion exchange Ayala-Luis et al., 2010a
FelFe"(OH)s(C12H2305)0.7(S04)0.5:mH-0 - - - 33 Coprecipitation Huang et al. 2013
(dodecanoate, C12)
- - - - 26.8-41.6 Coprecipitation Ayala-Luis et al., 2010b
LASP - - - 26.8-28.9 Ion exchange Ayala-Luis et al., 2007
Oxalate FellFeJ(OH),6C204-3H50 R3m 32 234 7.84 Oxidation Refait et al., 1998b

GRcos (dg = 7.6 A) both have rhombohedral lattice belonging to the

R3 m space group with a stacking sequence of AcBiBaCjCbA. .. where
A, B and C are OH™ hexagonal layers, a, b and c are Fe cation layers
and i, j and k are interlayer anions (Aissa et al., 2006; Génin and
Ruby, 2004; Refait et al., 1998a). This stacking arrangement induces
a three-layer repeat with a single plane of hydrated anions. On the
other hand, GRso4 (do ~ 11.0 A), which belongs to GR2, has a hexag-

onal lattice with a P3m1 space group and a stacking sequence of
AcBij. .., which has a single-layer repeat with two planes of hydrated
anions (Génin and Ruby, 2004; Simon et al., 2003).

Christiansen et al. (2009b) argued for the possibility of incorpo-
rating monovalent cations in the GR interlayer. The group proposed
a sodium (Na) cation in the interlayer of the GRsp4 structure, with a
chemical formula of (NaFelFe}'(SO,),(OH);s-12H,0), as well as a dif-
ferent orientation of SO3™ in the interlayer space compared to the ear-
lier proposed structure from Simon et al. (2003 ). Its crystal structure is
similar to that of nikischerite (NaFelAl5(SO,),(OH)s-12H,0) with a

hexagonal lattice belonging to the P3 space group (Huminicki and
Hawthorne, 2003). They have also shown that other monovalent
cations such as K*, Rb* and Cs* can also be incorporated in the inter-
layer of GRso4 with varying degrees of occupation based on the SOZ~
pair stability constant (Christiansen et al., 2014).

The intercalated species in the GR structure are not limited to
inorganic molecules. Using the same chemical design principle
used in LDHs, a subclass of GR called organo-GRs, which have
organic molecules in the interlayers, has also been prepared exten-
sively over the past years. Various organic aliphatic and aromatic
compounds such as low molecular weight organic acids, linear car-
boxylates and sulfonates (Table 4) have been used for synthesis up
to now (Ayala-Luis et al., 2007; Ayala-Luis et al., 2010a,b; Génin
and Ruby, 2008; Huang et al., 2013; Perez et al., 2018; Refait
et al,, 2007; Refait et al.,, 1998b; Sabot et al., 2007). In addition,

and in the same line to the behavior shown by Schw and discussed
in Section 1.2.2, Johnson et al., (2015) observed that naturally
occurring GR nanoparticles and their synthetic analogues can be
complex polycrystalline phases composed of crystallites only a
few nanometers in size, and they often include nanometer-sized
regions of amorphous material”.

As it can be inferred from this section, as the crystallinity of the
metastable iron-bearing nanominerals decreases, the disorder of
the crystal structure increases, resulting in higher variability in
their bulk chemistry and solubility products. This makes it difficult
to realistically predict the precipitation or dissolution of these
iron-bearing nanominerals using traditional hydrogeochemical
models, where equations typically require the use of a single solu-
bility product for a specific chemical reaction including a single
bulk chemistry of the nanomineral. The generation of theoretical
values (using the nanomineral modeled crystal structure) of their
physicochemical properties (e.g., sorption capacity, specific weight,
hardness) also becomes extremely challenging or even virtually
impossible, resulting in the need to rely on the experimental mea-
surements of their physicochemical parameters which may be
quite heterogeneous and discrepant.

1.3. Iron-bearing nanominerals transformation to more stable
minerals

1.3.1. Ferrihydrite

Fh is thermodynamically metastable (due to its poorly ordered
structure and small particle size) and transforms to more stable
phases such as goethite, hematite, lepidocrocite and magnetite
(Boland et al., 2014; Li et al., 2020; Liu et al., 2010; Schwertmann
et al., 2004; Schwertmann and Murad, 1983, see Fig. 6). The rate
and extent of this transformation is affected by different physical
and chemical factors (pH, temperature, Eh or the presence of vari-
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Fig. 6. (a) Documented pathways and mechanisms of Schw, Fh and GR transformation under oxidant and reducing conditions and the influence of physico-chemical

conditions (e.g., pH, temperature, presence of ions and organics) on their transformation
mackinawite, Grg - greigite, Sd - siderite, Mt - magnetite, Lpc - lepidocrocite.

ous solutes like Si, Al, As, etc.), the synthesis procedure used and
the allowed transformation time (Boland et al., 2014; Cornell
et al., 1987; Das et al., 2011a; Hansel et al., 2005; Li et al., 2020;
Liu et al., 2010, 2008; ThomasArrigo et al., 2019; Yee et al., 2006;
Zhang et al., 2018a, 2018b, 2018c).

It is commonly accepted that under oxidizing conditions and in
the presence of oxygen Fh transforms to goethite at acidic pH (3-5)
and alkaline pH (10-12), and to hematite at near-neutral pH (7-8)
at ambient temperature (Cudennec and Lecerf, 2006;

(see Section 1.3 for details). Note: Gt - goethite, Hem - hematite, Jrs - jarosite, Mk -

Schwertmann et al., 2004, 1999; Schwertmann and Murad,
1983). At ambient temperatures, oxidazing conditions and circum-
neutral pH, Fh transformation can take months to years (Macera
et al., 2020; Schwertmann and Murad, 1983). However, its trans-
formation can be accelerated by increasing the pH and tempera-
ture in the absence of co-existing substances (Das et al., 2011a;
Schwertmann et al., 2004; Schwertmann and Murad, 1983). At
ambient temperature, Schwertmann and Murad (1983) observed
that after 970 days the transformation of Fh was slow and 19% of
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the initial Fh remained at pH < 6 but less than 2% was found at
pH > 7. High temperatures increase the transformation rates, for
example, at 92 °C Fh crystallization to hematite starts within
10 min (Johnston and Lewis, 1983). It was also observed that the
increase of the temperature (50-100 °C) also favors Fh transforma-
tion to hematite irrespective of the pH (2-10) (Das et al., 2011a;
Johnston and Lewis, 1983). This transformation has been suggested
to occur via a two-stage crystallization process with goethite being
intermediary, wherein both goethite and hematite were formed
from Fh and with a transformation of goethite into hematite with
the increase of the reaction time and temperature (Das et al,
2011a; Vu et al., 2008).

Fh transformation to lepidocrocite has been less studied (Liu
et al., 2010), since lepidocrocite is assumed to be an oxidation pro-
duct of Fe(II) (Cornell and Schwertmann, 2003). Some authors even
suggested that lepidocrocite could never be formed from ferric
species (Jolivet et al., 2006). Cornell et al. (1989a, 1989b) found
that lepidocrocite could be a transformation product of Fh in the
presence of L-cysteine. However, lepidocrocite was not detected
in the presence of other organic ligands such as cysteamine or glu-
tathione, etc. More recently, it has been found that under reducing
and low oxygen concentrations and in the presence of trace of Fe
(II) adsorbed on Fh it transforms rapidly not only into goethite
and/or hematite but also magnetite and lepidocrocite (Boland
et al., 2014; Hansel et al., 2005; Liu et al., 2010, 2007). The forma-
tion of lepidocrocite from Fh in the presence of Fe(II) is more favor-
able at low temperatures (0-25 °C), neutral pH (Liu et al., 2010,
2007), and in the presence of visible and solar irradiation (Shu
et al., 2019). For the transformation from Fh to goethite, a moder-
ate temperature (e.g. 40-60 °C) and a neutral pH value are the
important factors, whereas the transformation to magnetite is
favored by the presence of enough Fe(Il) and temperatures
of < 60 °C, and the transformation of Fh to hematite could occur
rapidly at pH 5-9 and ~ 100 °C in the presence of trace Fe(Il)
(Liu et al., 2010). This aqueous Fe(Il)-induced phase transformation
could be an important driving force for Fh transformation in non-
sulfidic anoxic soils, aquifers, and redox transition zones where
the aqueous Fe(Il), mainly generated by dissimilatory iron reduc-
tion, can be accumulated (Fei et al., 2018; Yee et al., 2006).

The presence of coexisting substances (e.g., ions, organic com-
pounds, other minerals) also influences the transformation of Fh
in natural environments (Cornell and Giovanoli, 1987; Cornell
and Schneider, 1989; Cornell and Schwertmann, 1979; Das et al.,
2011b; Galvez et al., 1999; Li et al, 2020; Liu et al., 2016;
Schwertmann et al., 2000; Vodyanitskii and Shoba, 2016; Yan
et al., 2020; Zhang et al., 2018a, 2018b, 2018c). Although some
coexisting substances (e.g., Fe?*, cysteine) may accelerate the
transformation of Fh by enhancing its dissolution-recrystallization
process (Cornell and Schneider, 1989; Liu et al., 2016), inorganic
cations, oxyanions, neutral small molecules, and natural polymers
(generally adsorbed on the nanomineral surface) typically slow
down its transformation by inhibiting the direct contact of the
nanomineral surface with the solution and/or reducing its dissolu-
tion rate (Chen et al., 2015). As an example, divalent cations with
higher binding abilities reduce the amount of bound-Fe(II) on Fh
and inhibit its transformation rates (Chen et al., 2015; Cornell
et al., 1987). Also, oxyanions such as arsenate, phosphate and sili-
cate could be adsorbed onto Fh by inner-sphere complexes reduc-
ing its transformation rate by retarding Fhs aggregation and
dissolution (Cornell and Giovanoli, 1987; Das et al., 2011b;
Galvez et al., 1999). The presence of clay minerals favors the dis-
persion of Fh and the release of ions (e.g., Si and Al), decreasing
its dissolution and reducing its transformation rates
(Schwertmann et al., 2000). Therefore, in general, the presence of
coexisting substances inhibits the direct contact and/or reduces

Gondwana Research xxx (xXxXx) xxXx

the dissolution rate of Fh, decelerating its transformation rate
(Cornell and Schwertmann, 2003).

1.3.2. Schwertmannite

The oxidative dissolution of sulfide minerals generates high
concentrations of ferrous iron (readily transformed to ferric), sul-
fate and acidity. In these environments, the formation of Schw
has been documented at pH values between 1.93 and 4.71 and sul-
fate concentrations between 7.4 and 97.34 mmol/L (Caraballo
et al., 2013). Both biotic and abiotic oxidation of ferrous iron and
direct ferric iron hydrolysis have been described (Asta et al.,
2010a; Liao et al., 2009; Regenspurg et al., 2004). Schw is predicted
to transform into more stable iron mineral phases such as goethite
(a-FeOOH) (Acero et al., 2006; Bigham et al., 1996; Gagliano et al.,
2004; Jonsson et al., 2005) or jarosite (KFe3(OH)g(SO4)2) (Acero
et al., 2006; Kawano and Tomita, 2001) (Fig. 6). As it was men-
tioned for Fh, Schw transformation rate varies widely depending
upon a range of physicochemical parameters (e.g., pH, tempera-
ture, ions and metals adsorbed onto the surface) as well as the
activity of microorganisms (see, for example, the review of Pai-
karay (2020) and references therein). Specifically, under acid oxi-
dizing conditions, its transformation proceeds over timescales of
several months to years depending on the specific physicochemical
conditions (Acero et al., 2006; Bigham et al., 1996; Jonsson et al.,
2005, 2006; Kumpulainen et al.,, 2008; Regenspurg et al., 2004;
Schwertmann and Carlson, 2005; Vithana et al., 2015) and goethite
remains the most stable end-product (Bigham et al, 1996;
Paikaray and Peiffer, 2012; Regenspurg et al., 2004). For example,
Bigham et al. (1996) found that synthetic Schw completely trans-
formed to goethite over 543 days; Acero et al. (2006), using natural
Schw collected at a mine district in SW Spain, observed the forma-
tion of trace quantities of goethite as soon as after 105 days of
aging Schw in its original solution. Further, Kumpulainen et al.
(2008) reported that after one year of aging, only a synthetic Schw
and one natural Schw had significantly transformed to goethite.
Temperature and pH are key factors that control this transforma-
tion. Although Kumpulainen et al. (2008) described that the trans-
formation rate becomes higher at low pH values, most of the
studies have shown that the transformation rate increases with
increasing pH and the concentration of Fe(Il).q), and it is retarded
at low temperatures (Burton et al., 2007, Jonsson et al., 2005; Knorr
and Blodau, 2007; Schwertmann and Carlson, 2005). Schwertmann
and Carlson (2005) reported that the transformation rate increased
with increasing the pH from 4.0 to 7.2 and a complete Schw trans-
formation to goethite in deionized water happened within
100 days. Regenspurg et al. (2004) observed significant, although
incomplete, transformation of synthetic Schw over 362 days at
pH 7. Jonsson et al. (2005) reported the conversion of Schw to
goethite at pH 9 within 187 days while at pH 6 the conversion
was still incomplete after 514 days. These authors also found that
Schw did not transform for more than 5 years at a pH of 3 and a
temperature of 4 °C. This temperature effect has been found more
noticeable at highly alkaline conditions. For example, Davidson
et al. (2008) found that goethite was formed in 200 min at 60 °C
and in 30 min when the temperature was increased to 80 °C at
pH 13.2. These authors also reported the formation of goethite as
the only crystallization product at temperatures < 80 °C, while at
temperatures greater than 80 °C goethite and hematite formed
almost simultaneously, and at temperatures > 150 °C goethite
was transformed to hematite.

Schw transformation rate and the end-product formed are also
affected by the solution composition. The presence of some cations
that are part of jarosite crystal structure (e.g., K, NH3, or Na*) pro-
motes Schw transformation to this mineral at solution pH values
lower than 2.5 (Acero et al., 2006; Kumpulainen et al., 2008). How-
ever, in the absence of these cations and at solution pH values close
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to 3.5, goethite forms instead (Schroth and Parnell, 2005). Further-
more, the solution composition can also remarkably enhance Schw
stability due to the sorption of dissolved species like arsenic, chro-
mate, phosphate, copper or dissolved organic carbon (Antelo et al.,
2013; Asta et al., 2010b; Cruz-Hernandez et al., 2017; Fukushi
et al,, 2003; Khamphila et al.,, 2017; Knorr and Blodau, 2007;
Paikaray and Peiffer, 2012).

On the other hand, Schw transformation under reducing condi-
tions has received less attention (Blodau, 2006). Under such condi-
tions, microbial iron reducers and sulfate reducers could use Schw-
derived Fe(IlI) and sulfate as electron acceptors during the degra-
dation of the organic matter (Blodau and Gatzek, 2006) triggering
the reductive dissolution of Schw. This process raises the pH, favor-
ing Schw transformation into more stable goethite, and releasing
sulfate which can be subjected to dissimilatory sulfate reduction.
Natural profiles of acidic sediments and wetlands and laboratory
studies have shown that over time Schw tends to be replaced by
goethite and eventually by reduced Fe and S phases formed by sul-
fate reduction coupled to the reductive dissolution of goethite by
H,S at depth (Burton et al.,, 2007, 2006; Gagliano et al., 2004;
Peine et al., 2000; Schoepfer et al., 2019).

1.3.3. Green rust

In the case of GR phases, they commonly form in anoxic and
non-sulfidic environments via the Fe?*-catalyzed transformation
of metastable Fe(Ill)-bearing minerals such as Fh and Schw
between pH 7 to 8.5 (Ahmed et al., 2010; Usman et al., 2012;
Perez et al., 2021b). In those settings, GR phases often subse-
quently transform to magnetite via dissolution-precipitation path-
way (Sumoondur et al., 2008; Perez et al., 2021a; Perez et al.,
2021b; Yutaka et al., 1984). Sumundoor et al. (2008) studied mag-
netite formation via a GR intermediate using in situ synchrotron-
based X-ray scattering. Their results showed that the Fe(II)/Fe(III)
ratio and pH controlled the rate of GR transformation to magnetite.
Complete conversion to magnetite (see Fig. 6) was only observed at
slightly alkaline conditions (pH 9), and higher Fe(II)/Fe(IIl) ratios
resulted in fast transformation rates (greater than 99% conversion
within 2 h at Fe(Il)/Fe(IIl) = 2). It must be noted that this study was
performed using ultrapure water, and water chemistry can influ-
ence the GR transformation. In a recent study by Perez et al.
(2021a), synthetic GR sulfate (GRso4) was aged anoxically in a nat-
ural groundwater ([HCO3~ | = 4.5 mM, [Si] = 0.6 mM] at ~ 25 and 4
°C. Aging synthetic GRsp4 at 25 °C led to its partial conversion to GR
carbonate (GRco3) via ion exchange, followed by gradual transfor-
mation to magnetite after 15 days until its completion after
120 days. Lower aging temperature (i.e., 4 ‘C), however, slowed
down these transformation rates, with GRco3 only appearing after
60 days and only trace amounts of magnetite even after one year.

Meanwhile, controlled air oxidation of GR phases in aqueous
media (see Fig. 6) results in the formation of secondary Fe (oxy-
hydr)oxides such as lepidocrocite, goethite and/or magnetite,
which is heavily influenced by pH, temperature and rate of oxida-
tion. Lepidocrocite is a common GR oxidation product under
circum-neutral pH (6.5-7) and low temperature (Schwertmann
and Fechter, 1994; Nagata et al., 2009; Wang et al., 2013), while
alkaline pH and high temperature usually results in the formation
of magnetite and/or goethite (Feng et al., 2015; Wang et al., 2013).
It is noteworthy that these transformation reactions all proceed via
dissolution-oxidation-precipitation mechanism. However, if oxi-
dized very quickly (e.g., chemical oxidation using H,05), it is possi-
ble to fully oxidize all the structural Fe(Il) sites in GR while
retaining original morphology and crystal structure (i.e., solid-
state oxidative transformation, Fig. 6; Génin et al., 2005; Refait
et al., 2003). These ferric GR phases (sometimes called exGRs) are
still made up of pure Fe(Ill) hydroxides sheets with intercalated
anions and water molecules with same stacking arrangements
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(Génin et al., 2006). However, the crystal lattice is contracted
with ~ 5% decrease in a and ~ 3% decrease in ¢ (Abdelmoula
et al., 1996; Génin et al., 2006) due to the smaller ionic radii of
Fe(Ill)ye; (0.645 A) compared to Fe(Il)oe (0.78 A) (Shannon, 1976),
and the Fe(Ill ), is deprotonated to compensate for electrical neu-
trality in the crystal structure (Mullet et al., 2008). Upon prolonged
aging, however, exGRs eventually transform to goethite and/or
hematite (Legrand et al., 2004; Antony et al., 2008).

Similar to other Fe (oxhydr)oxides, the presence of oxyanions
can slow down or even inhibit the rate of GR transformation. Dis-
solved phosphate (Benali et al., 2001; Bocher et al., 2004; Hansen
and Poulsen, 1999), silica (Kwon et al., 2007; Sahoo et al., 2011)
and arsenate (Perez et al, 2020; Wang et al, 2014; van
Genuchten et al., 2019) sorbed onto GR particle edges have all been
shown to increase solid phase stability by preventing crystal disso-
lution. Metal substitution in the Fe hydroxide sheets of GR can also
alter the resulting oxidation end-products. Wang et al. (2019)
showed that the oxidative transformation of metal substituted
GR to goethite via lepidocrocite depends on the complexation con-
stants of the divalent cations (Cu®* > Ni?* > Mn?*), wherein larger
complexation constants led to faster goethite transformation.

These three metastable iron-bearing nanominerals shows some
common behavior regarding their transformation to more stable
iron minerals. Generally speaking, if the metastable nanominerals
are maintained within their predominance fields (Fig. 1b, 1c) by
keeping their original hydrochemical forming environment (i.e.,
pH, pe, dissolved elements variety and concentration, P and T),
their transformation to other stable mineral phases is highly slo-
wed (taking from years to decades). However, any perturbation
of one or more of these original forming conditions automatically
favors a fast transformation of these metastable nanominerals to
more stable iron minerals phases (taking just from days to
months).

As previously shown, GR is typically formed under reducing or
slightly oxidizing environments (Fig. 1b) whereas the most com-
mon final stable iron minerals (i.e., hematite, magnetite, goethite
and lepidocrocite) are formed at oxidizing environments. There-
fore, the transformation of GR to more stable iron minerals is
highly enhanced by a change in the redox potential of the solution
(i.e., towards a more oxidizing environment), whereas the transfor-
mation rate of Fh and Schw, which are formed at oxidizing envi-
ronments, is not much affected by a change in that parameter
(i.e., towards a more reducing environment). On the other hand,
Fh and Schw transformation rates seem to be highly affected by
the changes of the solution pH (Fig. 6) whereas this parameter does
not affect as much the transformation rate of GR (partially due to
its narrow pH stability range).

Another common behavior for these metastable iron-bearing
nanominerals is that the presence of sorbed oxyanions (e.g., sili-
cate, phosphate, arsenate, chromate or organic molecules) can slow
down or even inhibit their transformation rates (Fig. 6). Similarly,
the presence of certain amounts of cations, like Si**, AI**, Cu?*,
Ni?*, Mn?*, K*, NH}, or Na* in their crystal structure or in the solu-
tion in contact with the nanomineral, may have an impact in the
specific stable iron-bearing mineral resulting from the
transformation.

2. Presence and relevance of Fe nanominerals in past and
present earth environments

Of the almost 10,000 publications covering one or more of these
three iron-bearing metastable nanominerals, a high percentage
(probably a few thousands) of these mentions or discusses their
presence and role in natural environments. As a result, the follow-
ing section is not intended to be a comprehensive presentation of
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all these publications, but rather a schematic summary of the most
relevant natural environments where one or more of these
nanominerals have been reported as major players in the iron bio-
geochemical cycle. Also, the reader is referred to some of the many
outstanding works presenting the fundamentals of the iron biogeo-
chemical cycle (e.g., Raiswell and Canfield, 2012; Hamilton et al.,
2020, and references therein) to get a broader understanding
(not so focused on iron-bearing nanominerals) of this topic. As a
general statement: one or more of the three metastable iron-
bearing nanominerals is most probably the predominant neo-
formed mineral phase in natural or anthropogenic waters, close
to environmental conditions (25 °C and 1 atm) and at oxidizing
or slightly reducing conditions, which hydrogeochemistry is con-
trolled by the iron biogeochemical cycle. As a result, these
nanominerals are ubiquitous on Earth’s surface (as it will be
shown) and their limited recognition is mainly due to their poor
crystallinity, metastability and nanosize, and the inherent difficul-
ties to properly sample and unambiguously identify them using
the current most available analytical techniques (see Fig. 7).

2.1. Present earth

2.1.1. AMD and ARD environments
Acid mine drainage (AMD) and acid rock drainage (ARD) sys-
tems are without any doubt the “kingdom” of the iron metastable
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nanominerals, because these anthropogenic and natural environ-
ments have the perfect hydrogeochemical conditions for the neo-
formation and preservation of these nanominerals. Consequently,
the numerous complex mechanisms and hydrogeochemical pro-
cess, by which these iron metastable nanominerals control the
hydrogeochemistry of these waters, have been addressed by an
abundant record of publications over the last four decades
(Bigham and Nordstrom, 2000; Blowes et al., 2003 and references
therein). The neoformation of Fh, Schw, or GR are primarily con-
trolled by the water pH and pe (Fig. 1) and by the specific chemical
composition (e.g., the presence of sulfate or carbonate will control
the type of GR). Generally speaking, acidic (pH 2 to 4.5), oxidizing
(pe 6 to 18) sulfate and Fe-rich waters (by far the most common
conditions in AMD/ARD affected sites) is the realm of Schw
(Fig. 1c); slightly acid to basic (pH 4.5 to 10), oxidizing to slightly
reducing (Eh 1 to 0.2 V) iron rich waters is the domain of Fh; and
almost neutral to basic (pH 6.5 to 10), slightly oxidizing to reducing
(Eh 0.1 to —0.6 V) iron rich waters is the field of GR (Fig. 1b). The
most common generic settings will be highlighted among the
thousands of specific locations where iron metastable nanominer-
als have been reported. The three nanominerals have also been
reported in AMD/ARD affected rivers (Asta et al., 2010a, 2010b;
Dekov et al., 2014; Johnson, et al., 2014) and lakes (Sanchez-
Espafia et al., 2011; Vuillemin et al., 2019, Castendyk and
Webster-Brown, 2007). In addition, these nanominerals has been

| THE
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BURIED
ENVIRON.

Estuaries

Fig. 7. Schematic representation of the multiple surface Earth environments where Fh, Schw and GR have been reported to play an important role in the iron biogeochemical
cycle. Photo credits from top-left, clockwise: (i) Adapted from Jorgensen et al. (2021) and reproduced with permission from John Wiley & Sons.; (ii) Photo courtesy of C.
Trivedi; (iii) Adapted from Carlson et al. (2019); (iv) Raiswell and Canfield (2012); (v) Christiansen, 2008; (vi) Adapted from Schoepfer and Burton (2021) and reproduced with
permission from Elsevier; (vii) Photo courtesy of S. Polte, Boden des Jahres 2016 (Deutsche Bodenkundliche Gesellschaft); Adapted from Vaziri Hassas et al. (2020) and
reproduced with permission from Elsevier; (viii) Adapted from Sanz et al. (2011) and reproduced with permission from John Wiley & Sons; (ix) Modified from Martin-Crespo
et al. (2020); (x) Adapted from Delina et al. (2020) and reproduced with permission from Elsevier; (xi) Adapted from Hawkings et al. (2018); (xii) Adapted from Adachi et al.

(2021).
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reported as alteration product of multiple types of sulfide bearing
residues like tailings (Kawamoto et al., 2021; Dold and Fontboté,
2002, Dore et al., 2020) and waste rock dumps and spoil heaps
(Koski et al., 2008; Smuda et al., 2007), as well as AMD affecting
both natural groundwater (Johnson et al., 2014) and treatment
plants (Filip et al., 2007; Caraballo et al., 2009, Bearcock et al.,
2011).

2.1.2. The frozen Earth

Fh has been extensively reported as an authigenic mineral in
icebergs and glaciers at Arctic and Antarctic locations in subglacial
sediments (Raiswell et al. 2016 and references therein). It has also
been proposed as the predominant component of the particulate
bioavailable iron pool in Greenland meltwaters and ice sheets
(Bhatia et al., 2013, Hawkings et al., 2014). Bhatia et al. (2013) esti-
mated that bioavailable iron from glacial runoff in Greenland is
about 0.3 Tg/year, whereas Hawkings et al. (2014) estimations
are in the range of 0.4 to 2.54 Tg/year. In both cases this is compa-
rable to dust-derived soluble iron inputs to the North Atlantic. Fh
have also been reported as playing an essential role controlling
the natural remediation and the transport of metallic contami-
nants in boreal streams with high organic matter content (Kéhler
et al., 2014). Schw has been reported as a result of ARD generation
in regions with abundant snow and/or ice in the Antarctica (Dold
et al., 2013), or in wet, acid, and oxic microenvironments beneath
polar and polythermal glaciers (Raiswell et al., 2009) in the Antarc-
tica and the Svalbard islands (Norway). Recently, Hawkings et al.
(2018) documented the widespread occurrence of amorphous
and Fe(II)-bearing nanoparticles in Arctic glacial meltwaters and
iceberg debris. Although they were not able to assign a specific
iron-bearing nanomineral to their discovery, their findings suggest
that GR phases may have an important role in those environments
that will most probably be confirmed by new studies in the near
future.

2.1.3. Buried environments

Buried environments like soils, groundwaters and wetlands are
transitional environments that typically show redox potential
grading moving from oxidizing to reducing environments. In addi-
tion, they most commonly exhibit significant contents of organic
matter. Fh is typically the most frequent metastable iron-bearing
nanomineral in those environments, followed by GR and Schw.

Fh is one of the most common Fe mineral phases controlling the
iron biogeochemical cycle in many different types of soils (e.g.,
podzolic-, arable-, gleyic-, sandy- or acidic-soils, Vodyanitskii and
Shoba, 2016 and references therein); whereas Schw is more pre-
dominant in acid sulfate soils (Burton et al., 2007; Collins et al.,
2010). On the other hand, GR is most frequent in poorly drained
soils (e.g., gleysols and reductisols; Trolard et al., 1997), where
the precipitation of this nanomineral is intimately related to the
activity of iron reducing bacteria (Berthelin et al., 2006). The three
metastable iron-bearing nanominerals are frequently found in
wetlands where the whole cycle of neoformation and transforma-
tion between them along the depth redox profile can be observed
(Karimian et al., 2018). These nanominerals play an essential role
in contaminant immobilization, like As and Se, in wetlands and
soils (Karimian et al., 2018). The presence of Fh and other iron min-
erals (like goethite) in aquifers is very common and it has been
directly related to the sorption/desorption of pollutants like As
(Polizzotto et al., 2006). GR identification in groundwaters is quite
challenging due to its rapid oxidation and transformation within a
few minutes after sampling. Because of that, the number of studies
reporting GR in groundwaters are limited but they are growing
after the publications of sampling and preservation methods like
the ones proposed by Christiansen et al. (2009a) and Johnson
et al. (2014). The former was able to identify GR in samples taken
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below the water table from a fractured granite, and the latter from
groundwater flowing to the surface around a former uranium
mine. On the other hand, the presence of Schw in groundwaters
is limited (Blodau, 2004) because these waters easily transition
to more reducing conditions where Schw becomes unstable com-
pared with other iron-bearing nanominerals like Fh or GR.

2.1.4. Atmospheric particles

Mineral dust from desert regions are typically composed of sev-
eral Fe-bearing minerals including Fh and other poorly crystalline
Fe phases, hematite, goethite, magnetite and Fe-bearing clay min-
erals (Shi et al., 2012), but excluding Schw or GR. Shi et al. (2011)
reported that, among all those iron-bearing mineral phases, Fh is
probably one of the most important ones forming the highly reac-
tive Fe pool in the Saharan dust samples. In regions where volca-
noes can be an important source of mineral dust, that group of
Fe-bearing minerals are absent from freshly-erupted ash (Ayris
et al. 2012). However, these phases may form thanks to different
processes, like the generation of Fh due to the atmospheric near-
neutral pH values achieved at the surface of the ash during cloud
forming processes (Shi et al., 2011). Similarly, Takahashi et al.
(2013) showed that the main Fe phases in aerosols in the North-
west Pacific region (i.e., Tsukuba, Japan) correspond to illite, horn-
blende, Fe(III) sulfate and Fh. They proposed that the source of Fh is
most probably the soil around the sampling site, although it could
also be formed by acid processing in the atmosphere. Regarding
anthropogenic dust, magnetite has been reported as the most ubiq-
uitous iron mineral phase in pyrogenic aerosols whereas Fh, Schw
or GR has not been detected (Ito et al., 2021). However, the pres-
ence of these iron-bearing nanominerals, especially Schw, at local
or regional scales could be expected (and should be further stud-
ied) at big mining districts (Sanchez de la Campa 2020).

2.1.5. Ocean

AMD or ARD waters are often subjected to abrupt hydrochemi-
cal changes in estuaries due to their mixture with high salinity and
neutral pH sea waters. As a result, immediate removal of iron (and
other metals) through intense precipitation of Schw and Fh has
been proposed (Asta et al.,, 2015), and the presence of these
nanominerals in the estuary sediment has been reported
(Abramov et al., 2020). Regarding GR in estuaries, one of the very
few studies (Jorand et al., 2011) suggested the biomineralization
of this nanomineral in the ferruginous biofilms at the Sinnamary
Estuary (French Guiana). The presence of Fh in North Sea sedi-
ments was proposed almost 3 decades ago by Slomp et al. (1996)
and since then it has been reported in many other sea sediments
around the world, like the study of Lenstra et al., (2019, and refer-
ences therein) presenting a new model for the shelf-to-basin iron
shuttle in the Black Sea. These authors also demonstrated the pres-
ence of Fh in the water suspended particles reaching the Black Sea.
To the best of our knowledge, the presence of Schw or GR has not
been reported yet in sea sediments or in suspended particles in sea
water (apart from their presence at estuarine environments). How-
ever, because of the growing recognition of other nanominerals
(Silva et al,, 2021a,b; Oliveira et al,, 2021b) and these specific
iron-bearing nanominerals in oceanic input sources like atmo-
spheric dust, glacier, ice sheet and iceberg sediments and rivers,
the emergence of many new studies covering this gap is foreseen.

It is important to emphasize that despite the abundance of
studies identifying Fh, Schw, or GR in multiple Earth natural and
anthropogenic environments, an even higher number of studies
highlight the importance of “unidentified” iron-bearing nanoparti-
cles or nanominerals as bioavailable sources of iron in seawaters
(von der Heyden et al., 2012), meltwaters (Bhatia et al., 2013)
and glacial sediments (Hawkings et al., 2018); metal pollutant
nanovectors in soil-river systems (Hassellov and von der
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Kammer, 2008) or iron-rich sediments in water reservoirs (Root
et al., 2007), among many others. Hence, it is reasonable to assume
that the number of studies reporting the presence of these iron
metastable nanominerals on Earth will keep increasing. This is all
thanks to an increase in the access to current sophisticated charac-
terization equipment (e.g., HRTEM or Synchrotron based spectro-
scopies) and to the reassessment of old data based on new
knowledge.

2.2. Earth in the past

Iron metastable nanominerals can be considered short-lived
minerals (on a geological time scale). They can only be found in
geologically young strata (less than 10,000 years old) if their min-
eral transformation to more crystalline iron mineral phases has
been inhibited or significantly retarded (Cornell and
Schwertmann, 2003 and references therein). Banded iron forma-
tions (BIFs) are distinctive rock formations consisting of alternating
layers of Fe-rich and Si-rich bands that have been deposited in the
early Earth’s oceans about 3.8 to 0.6 billion years ago (Bekker et al.,
2010; Poulton and Canfield, 2011). Due to their chemical and min-
eralogical alterations resulting from deposition and diagenesis
(Bekker et al., 2014; Klein, 2005), the pathways leading to their for-
mation are still poorly understood, and their early Fe mineral pre-
cursors are still debated (Rasmussen et al., 2014). Earlier studies
(e.g., Bjerrum and Canfield, 2002; Posth et al.,, 2013) have sug-
gested poorly ordered phases such as ferrihydrite, hydrous ferric
oxide (HFO), or an Fe(III)-Si gel, formed by the (abiotic or biotic)
oxidation of dissolved Fe?" in the redoxcline. However, more recent
studies have indicated that mixed-valence Fe phases such as GR
and greenalite may have played an important role in the genesis
of BIFs (Johnson et al., 2018). In particular, GR phases have been
proposed to have contributed to Fe cycling in our ancient oceans
(Halevy et al., 2017; Russell, 2018), a process that was compared
to their existence in modern non-sulfidogenic ferruginous lakes
(e.g., Koeksoy et al., 2019; Vuillemin et al., 2019; Zegeye et al,,
2012). The formation of Fh and GR in these ancient oceans would
have dramatically impacted the cycling of nutrients (e.g., P, Ni;
Jones et al., 2015; Eickhoff et al., 2014) and toxins (e.g., As; Chi
Fru et al.,, 2016), resulting in the chemistry and associated micro-
bial life signals preserved in BIFs today (Kappler et al., 2005;
Konhauser et al., 2002; Posth et al., 2013). A recent study (Barge
et al., 2019) has also suggested that, along with redox and pH gra-
dients, GR phases could have contributed to the synthesis of prebi-
otic organic molecules (e.g., amino acids) necessary for the
emergence of early ancient life (Duval et al., 2019; Russell, 2018).
Schw and Fh have also been proposed to be mineral precursors
of other more stable phases like goethite in Gossan type deposits
in arctic environments (West et al., 2009).

2.3. Extraterrestrial

Extraterrestrial occurrence of Fh has been reported or suggested
in meteorites (Beck et al., 2015; Brearley, 1997, 1989; Greshake,
1997; Keller and Buseck, 1990; Muttik et al., 2014; Tomeoka and
Buseck, 1988; Treiman et al., 2014) and in interplanetary dust par-
ticles (Matrajt et al., 2002; Nakamura et al., 2004). Two-line Fh was
found for the first time as a major constituent of the matrix of a
chondrite (Orgueil meteorite) by Tomeoka and Buseck (1988). They
suggested a preterrestrial ferrihydrite origin rather than a terres-
trial weathering product in this meteorite, although in other car-
bonaceous chondrites terrestrial weathering might also have
occurred after the meteorite fell to Earth (Brearley, 1997;
Greshake, 1997). Fh also occurs in Martian meteorites (Lafayette,
“Black Beauty”) (Beck et al., 2015; Muttik et al., 2014), and has long
been suspected to be present on the surface of Mars based on
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spectroscopic comparisons (e.g., Bishop et al. (1993), Morris et al.
(1993)). Recently, geochemical and mineralogical data collected
by in situ missions have brought new evidence of the presence of
nanocrystalline iron-rich phases in Martian soils and sedimentary
rocks and suggest the widespread presence of ferrihydrite on Mars
(Dehouck et al., 2017). The presence of Schw was suggested as a
component in Meridiani outcrop materials (Farrand et al., 2009)
and the Meridiani Planum region (Bibring et al., 2007). After that,
it has become a keystone mineral phase in several studies that
model the current mineral composition of the Martian surface.
These models incorporate schwertmannite as a metastable precur-
sor to other mineral phases like jarosite or goethite (Tosca et al.,
2008; Hurowitz et al., 2010). Liu et al. (2018), in their spectral
and stratigraphic mapping of hydrated minerals associated with
interior layered deposits near the southern wall of Melas Chasma,
Mars, also proposed that the major end-members that are mixed
with jarosite in their study area may be Fh (with an abundance
of ~30% for unit 1) and Schw (with an abundance of ~35% for
unit 2).

3. Fe-bearing nanominerals present and future technological
applications

3.1. Emerging contaminant treatment by Fenton reactions

Emerging contaminants (EC) can be understood as any previ-
ously unknown contaminant (or any chemical compound not yet
recognized as a contaminant), whose presence in the environment
does not have to be new but the concern about its possible toxic
consequences does. ECs originate from anthropogenic and natural
compounds, including personal and industrial care products, phar-
maceuticals, pesticides, hormones, plastic products, among others
(Gavrilescu et al., 2015). These compounds are very dangerous,
mainly because they can accumulate in the human body and they
are endocrine disrupting chemicals (EDCs) (Yousefi et al., 2019).
Advanced oxidation processes such as photochemical oxidation,
wet catalytic oxidation, sonochemical oxidation, ozone oxidation,
electrochemical oxidation and Fenton oxidation have been widely
used in recent decades for the degradation and/or complete miner-
alization of various types of organic pollutants. Among all of them,
homogeneous Fenton-type processes have gained great popularity
mainly due to the fact that they are simple to operate, generate
rapid degradation and have a wide application range (Bokare and
Choi, 2014; Sharma et al., 2018; Zhang et al., 2019). As shown in
the Fenton reaction (Eq. (1)), ferrous iron is oxidized, in the pres-
ence of hydrogen peroxide, with ferric iron and hydroxyl radical
(eOH) produced.

Fe?* + H,0, + H* —Fe3* + H,0 + «OH (1)

This free radical has a great oxidative capacity, inducing a fast
degradation of most organic pollutants to CO, and H,O (Santos
et al, 2011). In addition, the last decade has seen a significant
increase in the number of scientific studies applying heteroge-
neous Fenton process to degrade very different pollutants
(Kantar et al., 2019; Liu et al., 2017; Meng et al., 2020; Yang,
2019; Zhang et al., 2018a, 2018b, 2018c). In this new approach,
the dissolved Fe?* catalyst used in the homogeneous Fenton sys-
tem is replaced by a solid catalyst that contains active catalytic
compound able to generate hydroxyl radicals in a Fenton-like reac-
tion (i.e., Fe?*, Fe* or some other metals). The big difference is that
the catalytic reactions occur at the active sites on the surface of the
solid catalyst, avoiding the leaching of iron ions with the concomi-
tant reduction of iron sludge and the extension of the working pH
range (Liu et al., 2017).



M.A. Caraballo, M.P. Asta, Jeffrey Paulo H. Perez et al.

Among the multiple chemical reagents used in pure
heterogeneous Fenton-type strategies or hybrid homogeneous/
heterogeneous strategies, it is noticeable to see the recent boom
in the use of minerals (as solid catalysts) for the sake of a more sus-
tainable approach to this problem. Most studies use sulfides,
mainly pyrite (Meng et al., 2020; Yang, 2019), and GR (Kone
et al., 2009; Hanna et al., 2010) as a source of Fe?", or sulfates
and oxides (mainly schwertmannite, FegOg(OH)g(SO4)-nH,0); and
goethite, FEOOH) as a source of Fe** (Kantar et al., 2019; Zhang
et al.,, 2018a, 2018b, 2018c). However, the vast majority of studies
to date are based on synthetic (non-natural) mineral samples that
have been used to study the degradation of a single EC under very
limited operational conditions and on a laboratory scale.

On the other hand, it has to be considered that the mining
industry processes (globally) millions of tons of ore daily, generat-
ing a large amount of primary wastes. More than 95% of these are
deposited as dumps or tailings (Falagan et al., 2017), generating
between 5 and 7 billion tons of mine tailings annually worldwide
(Edraki et al., 2014). Tailings and mining dumps usually contain
potentially toxic metals and metalloids such as As, Cd, Cu, Fe, Ni,
Pb, Sb and Zn (Anawar 2015), which can occur in high concentra-
tions, reaching in some cases values between 0.3 and 5 wt%
(Falagan et al. 2017). In addition, oxidation of iron sulfides (typical
mineral phases contained in these mine residues) generates AMDs
that are waters with low pH and high metal and sulfate contents
(Younger et al., 2002). These AMD waters typically generate meta-
stable iron-bearing nanominerals (i.e., Fh, Schw, GR) that will even-
tually transform to jarosite and goethite under surficial
environmental conditions (Bigham and Nordstrom, 2000). These
secondary mine residues can be categorized as natural, like the
sediments in rivers and lakes contaminated by AMD, or anthro-
pogenic, like the precipitates formed after the active (Younger
et al., 2002) or passive (Ayora et al., 2013) treatment of these pol-
luted waters. As a result, metallic mining districts are characterized
worldwide by the presence of gigantic stacks of primary and sec-
ondary mine residues that typically generate important environ-
mental and health problems.

Taking into account these two realities (i.e., the significant state
of progress shown by the treatment of EC using synthetic iron-
bearing nanominerals, and the vast amount of natural and anthro-
pogenic iron-bearing nanominerals), it is reasonable to expect that
many new research projects linking the two of them will appear in
the near future.

3.2. Applications based on high sorption capacities of Fe-bearing
nanominerals

Sorption capacities of metastable Fe phases have been exten-
sively studied during the last decades, and many sorption iso-
therms have been published (Bigham and Nordstrom, 2000;
Cornell and Schwertmann, 2003, among many other studies). How-
ever, most of these studies have focused on the sorption of heavy
metals and metalloids cations and anions typically present in
AMD like arsenic, chromium, antimony or fluoride, among others
(Zhang et al., 2018a, 2018b, 2018c; Shi et al., 2021 and references
therein). As a result, whereas the geochemical and mineralogical
mechanisms controlling metals and metalloids sorption onto the
metastable iron-bearing nanominerals (as well as onto other iron
minerals) comprising AMD precipitates is well understood, those
mechanisms are still poorly known for most organic pollutants as
well as for other relevant inorganic pollutants like NOs;~ and
PO3 . The topic of organic pollutants sorption capacities has been
systematically overshadowed by the search of efficient heteroge-
neous Fenton-like reactions to mineralize the organic pollutants
(Section 3.2.1), because as soon as the pollutants reach the iron-
bearing nanomineral surface, the degradation reaction takes place.
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Regarding NOs ™~ and PO, best management practices (BMPs) have
been widely implemented to treat stormwater runoff and agricul-
tural discharges (Urbonas and Stahre, 1993). Some BMPs involve
employing green sorption media (GSM) to help remove nutrients
in stormwater runoff and agricultural discharge in any landscape
(Wen et al., 2020). The materials used for the development of green
sorption media mixes are intended to be cost-effective and sus-
tainable due to their use via recyclable materials, and renewable
due to possible nutrient recovery (Ordonez et al., 2020). Among
the various type of water filtration materials (e.g., coconut coir,
expanded clay, tire crumb, activated carbon, bark, corn stover
and biomass bottom ash, among others), synthetic iron filings
(Wei et al., 2008) and Fe-rich sludge from AMD treatment facilities
(Wen et al., 2020; Sibrell et al., 2009) are being used. However,
most sorption treatments using Fe-rich sludge are focused just in
P03~ but none of them study NO;~ sorption. In addition, the speci-
fic mineralogical composition of the Fe-rich sludge used to treat
PO;~ is continuously neglected and only the bulk chemistry of
the residue is considered (Sibrell et al., 2009; Wei et al., 2008;
Wen et al., 2020). As a result, the sorption capacity of the bulk
material is characterized, but the real sorption capacities of the dif-
ferent mineralogical phases comprising the sludge is ignored. It
also has to be considered that nitrate and/or phosphate pollution
of surficial waters and groundwaters typically induce an uncon-
trolled bloom of algae and microalgae. When these dense algal
blooms eventually die, microbial decomposition severely depletes
dissolved oxygen, creating a hypoxic or anoxic ‘dead zone’ lacking
sufficient oxygen to support most organisms (Chislock et al., 2013).
Eutrophication is frequently related to excessive or inefficient fer-
tilization of agricultural fields (Andujar et al., 2006; Paredes et al.,
2020). However, there are some other sources like untreated
wastewater discharges (Paredes et al., 2020), uncontrolled lea-
chates from phosphogypsum stacks (Barba-Brioso et al., 2010;
Pérez-Lopez et al., 2016) and aquaculture effluents from fishery
(Sibrell and Kehler, 2016) that must not be ignored. According to
Dodds et al. (2009), the economic cost of water eutrophication in
the United States is approximately $2.2 billion per year.

Taking into account the significant sorption capacity exhibited
by metastable iron-bearing nanominerals, the vast amount of nat-
ural and anthropogenic iron-bearing nanominerals and the fre-
quent eutrophication problems (induced by anthropogenic
uncontrolled emission of NO;~ and PO3") suffered worldwide, a
broader reuse of these mine residues, under a circular and green
based economy, is foreseen.

3.3. Other uses and applications:

Based on the results offered by some recent exploratory studies
(Lozano et al., 2020), Schw and Fh could potentially be a source of
some critical raw elements. They could be enriched in rare earth
elements (REEs), depending on the elemental composition and
the physicochemical parameters of the waters where they were
formed, by using them as sorbet phases to trap valuable elements
from AMD and/or ARD. However, the same authors also proposed
hydrobasaluminite (an aluminum hydroxysulfates nanomineral)
as the main mineral actually involved in REE trapping through
mineral precipitations at AMD natural and engineered settings
(Ayora et al., 2016; Lozano et al., 2020).

Many studies have shown during the last decades that iron, an
essential micronutrient, can inhibit or boost microalgae growth
(Smetacek et al., 2012). It is common knowledge that microalgal
photosynthesis uses CO,g) to produce Oy and the organic mole-
cules comprising their organism, resulting in a net CO,g) removal
from the atmosphere when the microalgae die and are transported
and stored in the deep sea. As a result, the idea of fertilizing the
oceans using different sources of iron as a geoengineer strategy
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to remove atmospheric COx(,) arose some decades ago and it has
been tested in situ (Boyd and Ellwood, 2010) or modeled
(Aumont and Bopp, 2006). Given the high abundance, worldwide
distribution and high solubility at alkaline conditions of metastable
iron-bearing nanominerals (especially for Schw), their use as nutri-
ent seeds to foster algae growth in geoengineering strategies could
become a future application of these nanominerals.

4. Conclusions and perspectives

As it has been shown throughout this review, the three meta-
stable Fe-bearing nanominerals presented (i.e., Fh, Schw and GR)
are both intimately related themselves and as precursors of other
more crystalline and stable Fe-bearing minerals like goethite, lepi-
docrocite, hematite or magnetite. The combined study of these
three nanominerals clearly exemplifies how the disorder of a meta-
stable nanomineral crystal structure increases as its crystallinity
decreases, resulting in bulk chemistries and solubility products
spanning unusually broad ranges. This observation has deep impli-
cations in the hydrochemical modelling of water environments
controlled by the precipitation/dissolution of these nanominerals,
because the equations used in these models typically require the
use of a single representative solubility product for a specific
chemical reaction including a single bulk chemistry of the
nanomineral. In the same line of reasoning, the generation of the-
oretical values (using the nanomineral modeled crystal structure)
of their physicochemical properties (e.g., sorption capacity, den-
sity, etc.) also becomes virtually impossible, resulting in the need
to rely on the heterogeneous (and frequently discrepant) experi-
mental measurements of these parameters.

These three metastable iron-bearing nanominerals show some
common behaviors regarding their transformation to more stable
iron minerals. Generally speaking, if their original hydrochemical
forming environment (i.e., pH, pe, dissolved elements variety and
concentration, P and T) is maintained, their transformation to other
stable mineral phases is greatly retarded (taking from years to dec-
ades). However, any perturbation of one or more of these original
forming conditions automatically favors a more rapid transforma-
tion to more stable iron minerals phases (taking just days to
months). Another common behavior is that the presence of sorbed
oxyanions (e.g., silicate, phosphate, arsenate, chromate or organic
molecules) can slow down or even inhibit their transformation
rates. In contrast, the presence of cations (e.g., Si**, A", Cu®*,
Ni?*, Mn?*, K*, NH}, or Na*) in their crystal structure or in solution
may have an impact on the specific stable iron-bearing mineral
resulting from the transformation.

As has been shown, this group of iron-bearing metastable
nanominerals are widely present on currently existing Earth (and
Mars) surface environments as well as on similar past environments
where the iron cycle is or was a predominant geochemical cycle.
Also, it is envisioned that the number of studies reporting the pres-
ence of these iron metastable nanominerals will keep increasing as
many of the reported (and future) “unidentified” iron-bearing
nanoparticles or nanominerals are finally classified as Fh, Schw or
GR. By the same token, the multiple technological- and
environmental-related applications currently under development
are expected to grow and to diversify as the scientific understanding
of these metastable iron-bearing nanominerals increase, and as
more and more geochemical/mineralogical processes are observed
in nature and properly described and understood.
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