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Abstract

Several recent studies have reported a strong association between Sc and goethite (a-FeOOH) in synthetic analogs and
natural samples. However, the mechanism of Sc immobilization by goethite and controlling factors remain unclear. This study
investigated the adsorption behavior and molecular-scale immobilization mechanisms of Sc at water/goethite interfaces
through a combination of batch adsorption and desorption experiments, X-ray absorption fine structure (XAFS) analyses,
and density functional theory (DFT) calculations. Results indicate that Sc is preferentially adsorbed on goethite with the for-
mation of bidentate-binuclear inner-sphere complexes at the corner-sharing sites. Bulk Sc K-edge XAFS analyses suggest that
Sc is incorporated into the goethite structure by substituting for Fe(III) within the crystal in synthetic Sc-substituted goethite,
which is further confirmed in natural goethite particles in the laterite by using micro-focused XAFS (p-XAFS). Furthermore,
we demonstrate that the adsorbed Sc on the goethite surface can be structurally incorporated into the goethite lattice in the
presence of aqueous Fe(II) possibly through goethite recrystallization induced by aqueous Fe(II). This process may affect the
(re)partitioning of Sc between the goethite surface and the mineral bulk, which could be used to rationally explain disparate Sc
speciation in laterites from different regions. Our study elucidates the molecular-scale mechanisms underlying Sc adsorption
on and structural incorporation into goethite, providing critical insights into the understanding of geochemical behavior and
environmental fates of Sc.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Scandium (Sc) is a critical metal with wide industrial
applications, such as in Al-Sc alloys for the aerospace and
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particular, the laterite shows a great potential as a new (by-
product) resource of Sc (e.g., Wang et al., 2011; Chassé
et al, 2017; Williams-Jones and Vasyukova, 2018;
Orberger and van der Ent, 2019; Ulrich et al., 2019).
Nonetheless, little is known about the geochemical behav-
ior and environmental fates of Sc because of its scarce accu-
mulation in nature. The identification of Sc speciation in
complex natural systems remains challenging due to the
scarcity of direct Sc structural data and the poor under-
standing of Sc K-edge X-ray absorption near-edge structure
(XANES) reference spectra (Chassé et al., 2018).

Iron (oxyhydr)oxides, such as goethite (o-FeOOH),
hematite, and ferrihydrite, are ubiquitous in soils, ore
deposits (e.g., laterites), and continental and marine sedi-
ments (e.g., ferromanganese nodules). The uptake of trace
elements (e.g., Ni, Cd, Se, Te, As, and Sb) by these Fe
(IIT) (oxyhydr)oxide minerals plays an important role in
the control of geochemical behavior and environmental
fates of the metal(loid)s (Takahashi et al., 2007, 2015;
Harada and Takahashi, 2008; Brown and Calas, 2013;
Qin et al., 2017a, 2019). In the case of Sc, a strong associ-
ation with goethite has been recently demonstrated in syn-
thetic analogs and natural samples (e.g., Chassé et al., 2017,
2019; Vind et al., 2018; Ulrich et al., 2019). Nevertheless,
the interaction between Sc and goethite is still poorly
understood and remains debated. By using XANES analy-
sis, the pioneering study by Chassé et al. (2017) showed that
Sc speciation in the lateritic duricrusts in eastern Australia
is dominated by species adsorbed on goethite along with a
small amount of substituted species in the hematite struc-
ture. By contrast, several studies have demonstrated that
the structural incorporation of Sc into goethite could be
the critical Sc species in laterites (Munoz et al., 2017;
Ulrich et al., 2019; Qin et al., 2020). Indeed, a continuous
Fe,Sc(1.xyYOOH solid solution has been synthesized in the
laboratory (Levard et al., 2018). Thus, the adsorption and
incorporation processes of Sc by goethite could play critical
roles in the control of speciation and distribution of Sc in
the environment. However, the mechanisms of Sc immobi-
lization by goethite and controlling factors remain unclear.

Goethite recrystallization has been proposed as a funda-
mental geochemical process affecting the cycling of various
trace elements (e.g., Catalano et al., 2011; Frierdich et al.,
2011, 2019a; Hinkle and Catalano; 2015; Burton et al.,
2020), although this process occurs slowly under oxidizing
conditions where the solubility of goethite is low. Nonethe-
less, aqueous Fe(Il) can catalyze goethite recrystallization
rapidly via Fe atom exchange under reducing conditions,
as clearly demonstrated by an Fe isotope tracer and 3D
atom probe tomography (APT) approach (Handler et al.,
2009, 2014; Frierdich et al., 2014, 2019b; Taylor et al,
2019). During aqueous Fe(II)-activated recrystallization,
some trace elements (e.g., Ni and Sb) adsorbed on the
goethite surface can be progressively incorporated into
the crystal structure (e.g., Frierdich et al., 2011; Burton
et al., 2020). Previous studies on Fe geochemical cycles in
laterites indicated that Fe is mobile in the forms of Fe
(IT)-rich groundwater and soil water during lateritization,
although aqueous Fe(Il) can be oxidized to Fe(IIl)-
(oxyhydr)oxides (e.g., goethite) by molecular oxygen during

dry seasons (Beukes et al., 2002; Yamaguchi et al., 2007).
Given the presence of aqueous Fe(II) in the lateritic envi-
ronment (e.g., Beukes et al., 2002; Yamaguchi et al.,
2007; Wu et al., 2019) and the ubiquity of Sc substitution
in goethite in laterites (Ulrich et al., 2019; Qin et al.,
2020), it is critical to assess whether or not the adsorbed
Sc becomes structurally incorporated into the goethite lat-
tice during Fe(II)-driven goethite recrystallization.

In this study, batch adsorption experiments were per-
formed to investigate the macroscopic adsorption behavior
of Sc onto goethite. The effect of aqueous Fe(II) on the
adsorption behavior of Sc was also examined. The local
coordination environments of Sc in synthetic Sc-adsorbed
and Sc-substituted goethite were determined by extended
X-ray absorption fine structure (EXAFS) spectroscopy.
Quantum chemical calculations were performed to comple-
ment EXAFS data interpretation for clarifying the mecha-
nisms of Sc immobilization by goethite at the molecular
level. Moreover, the in situ speciation and crystal chemistry
of Sc in natural goethite particles in the laterite were deter-
mined by using micro-focused X-ray fluorescence (n-XRF),
X-ray diffraction (p-XRD), and p-XAFS techniques. The
aims of this study were to elucidate the molecular-scale
mechanisms for Sc adsorption on and structural incorpora-
tion into goethite and to provide insights into the geochem-
ical behavior and environmental fates of Sc.

2. MATERIALS AND METHODS
2.1. Materials

Chemical reagents, including ScCl;*6H,0, Fe(NO3)3+9-
H,0, and FeCl,4H,0, were purchased from Wako Pure
Chemical Industries, Ltd., Japan. A stock solution of Sc
(IIT) was prepared by dissolving ScCl;*6H,O in Milli-Q
water. The ScCOOH gel was obtained by the precipitation
of ScCl; solution under alkaline conditions at room temper-
ature. A stock solution of Fe(Il) was prepared from deoxy-
genated deionized water and FeCl,*4H,O in an anaerobic
chamber (Ar: 95%; H,: 5%) (Coy Laboratory Products,
USA) with low oxygen concentration (<1 ppm).

Pure goethite was synthesized following the procedures
proposed by Schwertmann and Cornell (2000). A 90 mL
of 5.0 mol/L KOH solution was added rapidly into a bottle
containing 50 mL of 1.0 mol/L Fe(NO3); solution and then
diluted to 1.0 L with Milli-Q water. After aging for 60 h at
70 °C, the suspension was filtered with a membrane filter
(0.20 um) and washed thoroughly free of electrolytes. The
obtained solid phase was freeze-dried for adsorption
experiments.

Natural laterite samples were collected from Eramen Ni
Mine in Zambales Province of the Philippines, and the geo-
chemical and mineralogical compositions of the samples
were investigated in our previous study (Qin et al., 2020).
The limonite sample consisting of predominant goethite
was selected to prepare the thin section for p-XRF-XRD-
XAFS analysis. Thin section sample was prepared following
the procedures previously reported by Qin et al. (2017a). In
brief, the sample was embedded in the epoxy resin for 24 h
and then double-face polished to a thickness of ~40 um.
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2.2. Batch adsorption experiments

The adsorption of Sc on goethite was investigated using
a batch technique under ambient conditions. Goethite,
NaNO; background electrolyte solution, and Sc(I1I) stock
solutions were added into centrifuge tubes. The pH was
adjusted to desired values by adding <20 uL of 0.1 M
HNOj; or NaOH solution. Three series of adsorption exper-
iments were conducted at the NaNO; concentrations of
0.001, 0.010, and 0.10 mol/L with the pH range of 2-10.
After equilibration in a shaking water bath at room temper-
ature for 24 h, the suspension was filtered using a dispos-
able syringe (0.20 um). The adsorption kinetic experiment
was performed at pH 5.4 and 0.01 mol/L NaNOj over a
time period of 24 h. The filtrate was diluted adequately to
determine Sc concentration by inductively coupled
plasma-mass spectrometry (ICP-MS, Agilent 7700). The
adsorption percentage (S% = (Cy — C,)/C. x 100%) and
amount (q. = (Cy — C.) x V/m, mmol/g) of Sc on goethite
were calculated from the initial (Cy) and equilibrium (C,)
concentrations of Sc in solution and the solid-to-liquid ratio
(m/V, g/L).

The Sc-adsorbed goethite used for XAFS measurement
was prepared under pH 5.8 on the basis of our previous
investigation of pH values in the Ni laterites from the
Philippines (Qin et al., 2020). The solid phase was separated
from the final suspension (after 24 h equilibration) with a
membrane filter (0.20 um), and then the solid was rinsed
thoroughly with deionized water to remove trace amounts
of soluble Sc and packed into a polyethylene bag. More-
over, 1 mmol/L Fe(Il) was added into the suspension con-
taining 0.01 mol/L NaNO; at pH 5.8 and then aged in an
anaerobic chamber (Ar: 95%; Hj: 5%; O, <1 ppm) for
21 days to investigate the effect of aqueous Fe(II) on Sc
adsorption on goethite. The pH was adjusted by adding
small amounts of 0.1 M HNO; or NaOH solution as
needed. The solid product obtained through filtering the
suspension was also rinsed thoroughly with deionized water
and then packed into a polyethylene bag under anaerobic
conditions.

2.3. Desorption experiments

A two-steps desorption experiment was performed for
Sc-adsorbed goethite. Specifically, the samples were sequen-
tially extracted using 10.0 mmol/L of CH;COONH, solu-
tion and 2.0 mmol/L of EDTA-2Na solution. In general,
the CH;COONH, shows an ion-exchange capacity for
metal ions, whereas EDTA-2Na has a strong chelating
property and can extract ions strongly bound to the adsor-
bents (Gao et al., 2003; Wu et al., 2018).

2.4. Preparation of Sc-substituted goethite

Sc-substituted goethite was prepared as previously
described with some modifications (Chassé et al., 2017).
In brief, 5.0 mol/L KOH was added into 100 mL solutions
containing appropriate Fe(NOj3); and Sc to synthesize Sc-
substituted goethite with varying Sc molar proportions
(Sc% = ng/(nge+pe) X 100). The suspension was aged at

70 °C for 14 days with occasional shaking. The solid phase
was separated by centrifugation, washed at 45 °C for 2 h in
a 3.0 mol/L H,SOy, solution, and then washed with Milli-Q
water for several times to remove possible adsorbed species
and any residual Sc-ferrihydrite precursor that may have
not been fully converted to goethite.

2.5. Characterization of synthetic materials

The synthetic solid materials, including pure goethite,
Sc-adsorbed goethite, and Sc-susbstituted goethite, were
characterized using an X-ray diffractometer (RINT-2100,
Rigaku) with Cu Ka; (A = 1.54056 A) radiation emitted
at 40 kV and 30 mA. The XRD data were recorded in the
less-fluorescence mode to minimize the effect of Fe fluores-
cence on background. The morphology of the samples was
observed by scanning electron microscopy (SEM, Hitachi
S-4500) at an accelerating voltage of 2 kV.

2.6. Bulk XAFS measurements and data analyses

Bulk Sc K-edge XAFS spectra were recorded at the
beamline BL-12C at the Photon Factory, KEK (Tsukuba,
Japan) with a Si(111) double-crystal monochromator. The
energy of Sc was calibrated using the first peak of Sc,O3
at 4.489 keV. The sample was placed at an angle of 45°
from the incident beam and determined in fluorescence
mode by using a 19-element Ge solid-state detector under
ambient conditions. The samples used for bulk Sc K-edge
XAFS measurements are listed in Table S1. For compar-
ison with Sc-adsorbed samples, the stock ScCl; solution
with the Sc concentration of 1028 mg/L was also subjected
to XAFS measurement. The Sc-substituted goethite-2 (8.5%
Sc) was diluted 10 times with BN to avoid possible self-
absorption effects because of its high Sc concentration.
Based on detailed assessments described in the Supplemen-
tary material, the XAFS spectra of the samples examined in
this study were unaffected by the self-absorption effects.
Several scans were carried out to improve the signal-to-
noise ratio of the XAFS spectra.

XANES data were analyzed using REX2000 (Rigaku
Co. Ltd.). The background was removed from the raw
XANES spectra by a spline smoothing method. Linear
combination fittings (LCF) for the XANES spectra were
conducted as previously described to obtain Sc speciation
quantitatively (Qin et al., 2017b, 2020). For EXAFS analy-
sis, the radial structural function (RSF) was obtained from
the Fourier transformation (FT) of the k>y(k) oscillation by
using the ATHENA and ARTEMIS software (Ravel and
Newville, 2005). Then, the RSF was simulated using the
curve-fitting method to obtain structural parameters. The
theoretical phase shift and amplitude functions of the Sc-
O and Sc-Fe shells for the adsorbed samples were extracted
from the structure of ScFeO; (Kawamoto et al., 2014) by
using FEFF 7.02 (Zabinsky et al., 1995). For Sc-
substituted goethite, the core Fe atom in the goethite struc-
ture model (Gualtieri and Venturelli, 1999) was replaced by
Sc atom in the corresponding FEFF file. Details of the
EXAFS analysis are similar to those described previously
(e.g., Mitsunobu et al., 2010; Qin et al., 2012, 2019).
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The quality of the simulation was evaluated by the
goodness of fit parameter (R factor), expressed by the fol-
lowing equation:

R="{k (k) = Fxa®)}' ) S (K xos, (k)} (1)

where obs(k) and yc. (k) are the experimental and calcu-
lated absorption coefficients at a given wavenumber (k),
respectively.

2.7. p-XRF-XRD-XAFS measurements

Micro-focused measurements for the thin section sample
were performed at the beamline BL-15A1 at the Photon
Factory (Tsukuba, Japan). The thin section sample was
spatially scanned to obtain the p-XRF maps of Sc and
Fe. On the basis of the distribution of Sc and Fe, n-XRD
patterns for spots of interest were determined. Meanwhile,
the Sc and Fe p-XAFS spectra of these spots were obtained
in fluorescence and transmission modes, respectively.

2.8. Quantum chemical calculations

For density functional theory (DFT) calculations, the
geometry of surface complex model was optimized with
MO06-2X/6-311+G* level (Zhao and Truhlar, 2008) by
using the Gaussian 09 program (Frisch et al., 2009). The
bidentate-mononuclear (edge-sharing, “E) and bidentate-
binuclear (cornering-sharing, 2C) geometries were opti-
mized for Sc adsorption on the goethite surface. In the
goethite model, four HO molecules were located at the sur-
face to take account of the interaction between Sc and the
neighboring OH groups around the binding site (Tanaka
et al., 2014, Qin et al., 2019). A seven-fold coordinated
complex for hydrated Sc(III) solution was set to compare
with the experimental results because the coordination
number (CN) of the aqueous ScCl; solution used in our
adsorption experiment is seven (Lindqvist-Reis et al.,
2006; Cotton, 2018).

3. RESULTS
3.1. Characterization of synthetic solid materials

The XRD pattern of Sc-substituted goethite was similar
to that of the orthorhombic phases of pure goethite (Fig. 1).
Despite the absence of additional peaks, the feature peaks
of Sc-substituted goethite slightly shifted to lower angles
compared with those of pure and Sc-adsorbed goethite
(Fig. 1). This observation is in accordance with the peak
shift tendency for the continuous solid solution aFeOOH-
aScOOH (Levard et al., 2018), strongly suggesting that Sc
is incorporated into the goethite structure for the Sc-
substituted goethite synthesized in our study.

Fig. 2 shows the morphology of synthetic solid materials
by SEM observation. The particles of pure goethite and Sc-
adsorbed goethite exhibited a common crystallized acicular
structure, consistent with the description on goethite mor-
phology by numerous studies (e.g., Schwertmann and
Cornell, 2000; Kosmulski et al., 2004). Interestingly, the
acicular particles of Sc-substituted goethite were smaller

5000
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Fig. 1. XRD patterns of synthetic materials (a: pure goethite; b:
Sc-adsorbed goethite (no Fe(II), 1d); c: Sc-substituted goethite-1
(1.2% Sc); d: Sc-substituted goethite-2 (8.5% Sc)).

than those of pure goethite, and the width-to-length ratio
increased with increasing Sc substitution. In particular,
rectangle-like structures were observed for the Sc-
substituted goethite-2 with a higher Sc substitution rate
(8.5% Sc, Fig. 2d). Levard et al. (2018) also observed via
transmission electron microscopy (TEM) that the aniso-
tropy of the formed particles in Fe,S.(1.x)OOH solid solu-
tion decreases with increasing Sc incorporation into the
goethite structure. In addition, the lower full width at half
maximum (FWHM) values of XRD peaks (e.g., 110) may
reflect smaller particle sizes for the goethite with a higher
Sc incorporation (Fig. 1d), which is in accordance with
the SEM observation (Fig. 2d). Indeed, this correlation
between XRD peak and crystal size is particularly clear
for the series of continuous (Fe,Sc)OOH solid solution
(Levard et al., 2018). The formation of the acicular particles
in goethite results from the oriented aggregation of
nanoparticles (Domingo et al., 1994; Kosmulski et al.,
2004; BurleSon and Penn, 2006). Thus, the incorporation
of Sc likely hinders the oriented aggregation of goethite
nanoparticles and decreases the crystal size, which is similar
to the incorporation of other foreign ions (e.g., Mn and Cr)
into the crystal structure of goethite (e.g., Sileo et al., 2004;
Liu et al., 2018).

3.2. Macroscopic adsorption results

3.2.1. Adsorption kinetics

The adsorption rate of Sc on goethite was rapid.
Approximately 30% of Sc was adsorbed by goethite within
the first 10 min, and then the adsorption percentage gradu-
ally increased with reaction time and attained an equilib-
rium after 3 h (Fig. 3). Accordingly, the contact time was
set to 24h in the following adsorption experiments to
ensure the attainment of adsorption equilibrium.

The adsorption kinetics data were simulated with the
pseudo-first-order (equation (2)) and pseudo-second-order
(equation (3)) models as shown below (Ho and McKay,
1999a, 1999b; Ho and Ofomaja, 2006):
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Fig. 2. FE-SEM images of synthetic materials, which were acquired at an accelerating voltage of 2 kV (a: pure goethite; b: Sc-adsorbed
goethite (no Fe(Il), 1d); c: Sc-substituted goethite-1 (1.2% Sc); d: Sc-substituted goethite-2 (8.5% Sc)).
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Fig. 3. Kinetics data and corresponding model fits for Sc adsorption on goethite (T =293 K, pH = 5.4, m/V =0.1 g/L, Cy =10 mg/L,
I =0.01 mol/L NaNOs).
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stants of the pseudo-first-order and pseudo-second-order the pseudo-first-order and pseudo-second-order models
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are shown in Fig. 3 and Table S2. The kinetic data agreed
well with the pseudo-second-order model (R*=0.979)
compared with the pseudo-first-order model (R* = 0.928).
Moreover, the g, ., value (1.17 mmol/g) predicted from
the pseudo-second-order model was close to the experimen-
tal value (g, exp = 1.21 mmol/g). Thus, the better simulation
of the pseudo-second-order model on kinetics data suggests
that the adsorption of Sc on goethite is predominately
derived by chemical binding rather than physical interac-
tion or mass transport (Ho and McKay, 1999a; Wu et al.,
2018).

3.2.2. Effects of pH and ionic strength

Fig. 4 illustrates the pH-dependent adsorption trends of
Sc on goethite at a series of ionic strength. The adsorption
percentage of Sc on goethite was ~10% at pH <4.0, and
then it rapidly increased up to ~100% when the pH was
increased to 7.0 and remained ~100% under alkaline condi-
tions (pH > 7.0). These results can be explained by the sur-
face properties of goethite and Sc speciation in solution
(Fig. 5) calculated by Visual MINTEQ ver. 3.1
(Gustafsson, 2018). The goethite surface is generally posi-
tively charged at pH values below 7.0, as the pH,. (point
of zero charge) of goethite is 5.9-6.7 (Langmuir, 1997).
The lower Sc adsorption percentage at low pH (<4.0) is
likely due to the strong electrostatic repulsion between
goethite and positively charged Sc species in solution
(e.g., S¢>*, Sc(OH)*" and Sc(OH)3; Fig. 5). In this case,
the chemical interaction could play an important role in
the adsorption of Sc on goethite. With the increase in pH,
Sc was readily adsorbed by the goethite because of the
increase in deprotonated surface sites derived from the
deprotonation reaction. It should be noted that the SCOOH
(s) precipitation (Ksp = 8.0 x 107!) may occur at pH val-
ues above 6.4 (Fig. 5). Although we cannot fully exclude the
contribution of ScCOOH precipitation to Sc sequestration
under alkaline conditions, the main immobilization mecha-
nism for Sc by goethite at pH < 6.4 is clearly not ascribed to
the precipitation.

Moreover, ionic strength had a negligible influence on
the Sc adsorption on goethite within wide pH ranges

1004""g 0,001 M NaNO, * A®A® &_ » @
@ 0.01 MNaNO,
A 0.10 M NaNO; °
80 4
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Fig. 4. Effects of pH and ionic strength on the adsorption of Sc on
goethite (T =293 K, m/V =0.1 g/L, Cy = 10 mg/L).
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Fig. 5. Chemical speciation of Sc in solution as a function of pH
(T=293K, Cy=10mg/L, I =0.01 mol/L NaNOs) calculated by
Visual MINTEQ ver. 3.1 (Gustafsson, 2018).

(Fig. 4). This observation excludes the formation of
outer-sphere complexes that are ionic strength dependent
and indicates the formation of inner-sphere complexes
and/or precipitation that are independent of ionic strength
(Hayes et al., 1987; Wu et al., 2018).

3.3. Desorption experiments

A small or negligible amount of Sc was detected in the
CH3;COONH, extract, whereas the majority of Sc (89.1-
95.9%) was subsequently desorbed by EDTA-2Na (Table 1).
These results could help understand the immobilization
mechanism of Sc by goethite. The fraction leached by CH3-
COONH, represents the outer-sphere complexation
because of its good cation exchange capacity, and the
EDTA-2Na extraction denotes the uptake mechanism of
inner-sphere complexation (Gao et al., 2003; Wu et al.,
2018). The residual phase might be related to the precipita-
tion of the insoluble phase (Wu et al., 2018). In the present
study, the predominant desorption by EDTA-2Na suggests
that Sc is mainly immobilized by goethite with the forma-
tion of inner-sphere complexes rather than outer-sphere
complexes and precipitation, which is in good agreement
with the macroscopic adsorption results.

3.4. Bulk Sc K-edge XAFS analyses

3.4.1. Sc-substituted goethite

As shown in Fig. 6, the Sc K-edge XANES spectra and
first derivatives for the Sc-substituted goethite with different
Sc substitution rate were essentially identical. Several fin-
gerprint peaks at 4498, 4508, and 4520 eV (marked by red
dashed lines) were observed for synthetic Sc-substituted
goethite (Fig. 6A(c) and (d)), consistent with the theoretical
XANES spectrum restructured by DFT calculations
(Chassé et al., 2020). More clearly, two feature peaks
appeared at 4496 and 4508 eV (marked by red dashed lines)
in the first derivative of Sc-substituted goethite (Fig. 6B),
which can be used to distinguish adsorbed and substituted
species in solid samples.
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Desorption percentages of Sc from the uptake samples by using CH;COONH, and EDTA-2Na as the extractants.

Experimental conditions

Sorption amount (mmol/g)

Desorption* by CH;COONH;4 (%)

Desorption* by EDTA-2Na (%)

pH=4.1 0.54 0.002 94.4
pH=54 1.21 0.017 91.7
pH=538 1.99 0.065 89.1
pH=7.0 2.58 0.003 95.9
pH=938 2.70 0.059 89.4

* Desorption percentage was calculated by referring to the sorption amount of Sc.
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Fig. 6. Sc K-edge XANES spectra (A) and first derivatives (B) for synthetic materials. For the samples (f) and (g), dotted lines are spectra
obtained by experiments, and solid lines are calculated spectra by the LCF analysis.

The k>x(k) spectra of Sc K-edge EXAFS and their RSFs
(phase shift not corrected) of the samples are illustrated in
Fig. 7A and B, respectively. Sc-substituted goethite exhib-
ited two apparent bulges around 7.0-9.0 A~in the Ky (k)
spectra (Fig. 7A(c) and (d)) and strong second peaks at
R+ AR =2335A (phase shift not corrected) in the RSFs
(Fig. 7B(c) and (d)), which can be ascribed to considerable
backscattering signals from the surrounding Fe atoms. In
specific, the peaks around 5.5, 7.5, and 8.5 A~ in the k
space of Sc-substituted goethite overlapped with the maxi-
mum of the inversely Fourier-filtered Sc-Fe waves
(Fig. S1), which clearly indicates the contribution of three
Sc-Fe shells. Quantitative analysis for the RSFs of Sc-
substituted goethite by the curve-fitting method showed
that the interatomic distances between Sc and Fe atoms
were 3.12-3.13, 3.36, and 3.53 A for the three Sc-Fe shells,
whereas the first prominent peaks around R + AR = 1.6 A
(phase shift not corrected) were assigned to two Sc-O shells
at 2.05-2.06 and 2.17 A (Table 2).

3.4.2. Sc-adsorbed goethite

The XANES and EXAFS spectra of the Sc-adsorbed
goethite prepared at pH 5.8 for 1d were significantly differ-
ent from those of ScCls solution, SCOOH gel, and Sc-

substituted goethite (Figs. 6 and 7). These observations sug-
gest that neither outer-sphere complexation nor precipita-
tion is the main sequestration mechanism for Sc
adsorption on goethite. Interestingly, the distant peak
around R+ AR =2.83.6 A (phase shift not corrected)
was apparently observed in the RSF of Sc-adsorbed
goethite (no Fe(Il), 1d) apart from the prominent peak
around R + AR = 1.6 A (phase shift not corrected), point-
ing to the contribution of high Sc-Fe backscattering paths
(Fig. 7B(e)). The k*x(k) spectrum of this Sc-adsorbed
goethite can be well reconstructed by the inversely
Fourier-filtered Sc-O and Sc-Fe shell (Fig. S2). The pres-
ence of the second Sc-Fe shell indicates that Sc is adsorbed
on goethite with the formation of inner-sphere complexes.

The structural parameters of ScCl; solution, SCOOH gel,
and Sc-adsorbed goethite obtained from the curve-fitting
analysis are summarized in Table 3. The pronounced peak
in the RSF of aqueous ScCl; solution was assigned to
approximately seven O atoms at a distance of 2.16 A from
the central Sc atom, which is comparable to that of Sc(III)
hydration geometry reported previously (e.g., Lindqvist-
Reis et al., 2006; Cotton, 2018). In the case of ScCOOH
gel, the fitted distances for the Sc-O and Sc-Sc bonds were
2.10 and 3.27 A, respectively. As for Sc-adsorbed goethite
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Table 2
Structural parameters of Sc-substituted goethite obtained by a curve-fitting analysis of Sc K-edge EXAFS spectra.
Sample Shell CN* R (A) AE, (eV) c? (A?) 7 R factor
Sc-substituted goethite-1 Sc-0, 3 2.06(4)° 1(2) 0.001° 162 0.019
(1.2% Sc) Sc-0, 3 2.17(4) 0.001(2)

Sc-Fe, 2 3.12(6) 0.002(3)

Sc-Fe, 2 3.36(8) 0.003

Sc-Fes 4 3.53(8) 0.007(6)
Sc-substituted goethite-2 Sc-0, 3 2.05(4) -1(2) 0.001° 198 0.021
(8.5% Sc) Sc-0, 3 2.17(3) 0.001(2)

Sc-Fe, 2 3.13(4) 0.002(3)

Sc-Fe, 2 3.36(9) 0.003

Sc-Fes 4 3.53(6) 0.009(6)

CN: coordination number; R: interatomic distance; AE,: threshold E, shift; c* Debye-Waller factor; y2 reduced chi-square value; Sg:
amplitude reduction factor, 0.85, estimated by the fitting for Sc,0O3 standard.
* Fixed the CN to crystallographic values during the analyses.
® The uncertainties in the last digit for R, AE,, and o2 are reported in parentheses. Parameters with no listed uncertainties were not varied in

the analyses.

¢ Constrained to the same value for the two Sc-O shells during the analyses.

(no Fe(II), 1d), the first peak was composed of nearly six O
atoms at 2.13 A, and the distant peak following the Sc-O
shell corresponded to the Sc—Fe shell with the interatomic
distance of 3.61 A (Table 3).

3.4.3. Effect of aqueous Fe(Il) on Sc adsorption on goethite

For the Sc-adsorbed goethite prepared in the presence of
aqueous Fe(II), the appearance of another feature peak at
4508 eV in the XANES spectrum (Fig. 6A(g)) clearly indi-
cates the formation of Sc-substitute species. This observa-
tion is also confirmed by the presence of a small feature
peak at 4508 eV in the first derivative of the sample
(Fig. 6B(g)). With Sc-substituted goethite-1 (1.2% Sc) and

Sc-adsorbed goethite (no Fe(II), 1d) as the end members,
the LCF result showed that as much as 26% of adsorbed
Sc was incorporated into the goethite structure in the pres-
ence of aqueous Fe(II) after the aging of 21 days (Fig. 6A
(g) and Table 4). By contrast, much less incorporation
(5%) was observed for the sample prepared in the absence
of Fe(II), even after 21 days (Fig. 6A(f) and Table 4). The
LCF analysis of EXAFS presented similar speciation
results with the XANES assessments, albeit elevated noise
in the EXAFS spectra (Fig. S3). In general, XANES reflects
the valence and symmetry of the element, whereas EXAFS
reflects the information of neighboring atoms, interatomic
distances, and coordination numbers. Thus, the consistency
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Table 3

Structural parameters of Sc-adsorbed goethite and reference materials obtained by a curve-fitting analysis of Sc K-edge EXAFS spectra.

Sample Shell CN R (A) AE, (eV) o’ (Az) et R factor

ScCl; solution Sc-O 6.8(1.5)" 2.16(2)° —-12)° 0.003(2)° 50 0.041

ScOOH gel Sc-O 6.0(1.1) 2.10(2 -7(2) 0.006(2) 152 0.054
Sc-Sc 2.8(1.3) 3.27(3 0.003

Sc-adsorbed goethite Sc-O 6.1(1.5) 2.13(2 -1(2) 0.005(3) 116 0.061

(no Fe(Il), 1 d) Sc-Fe 1.4(1.8) 3.61( 0.009

Sc-adsorbed goethite Sc-O 5.8(1.5) 2.15( 1(2) 0.005(3) 97 0.067

(no Fe(II), 21 d) Sc-Fe 1.6(0.8) 3.60( 0.005

Sc-adsorbed goethite Sc-O 5.6(1.3) 2.13( -2(2) 0.006(3) 108 0.058

(with Fe(TI), 21 d) Sc-Fe 2.3(1.1) 3.56(5 0.009

CN: coordination number; R: interatomic distance; AE,: threshold E, shift; % Debye-Waller factor; /3 reduced chi-square value; S%:

amplitude reduction factor, 0.85.

* The uncertainties of the CN are listed in parentheses. Parameters with no listed uncertainties were not varied in the analyses.
® The uncertainties in the last digit for R, AE,, and o are reported in parentheses.

Table 4

Sc speciation in studied samples by linear combination fitting (LCF) of Sc K-edge XANES spectra.

Sample Sc-ads-goe (%) Sc-sub-goe (%) Sum (%)° R factor (%)
Sc-adsorbed goethite 94(2)* 100.1 0.015

(no Fe(II), 21 d)

Sc-adsorbed goethite 75(4) 26(4) 101.4 0.013

(with Fe(II), 21 d)

Spot 1 22(5) 77(5) 99.2 0.036

Spot 2 35(7) 66(7) 101.2 0.034

Sc-ads-goe: Sc-adsorbed goethite (no Fe(II), 1 d); Sc-sub-goe: Sc-substituted goethite-1 (1.2% Sc).

% The uncertainties in the last digit are reported in parentheses.
® The sum of the fitting component by the LCF analysis.

between the LCF results of XANES and EXAFS strongly
suggests that Sc speciation estimated in our study is highly
reliable and robust.

Furthermore, the curving-fitting results of the sample
prepared in the presence of aqueous Fe(II) showed different
structural parameters for the Sc-Fe shell, with a slightly
shorter distance (3.56 /OX) and a larger CN (2.3) in contrast
to those of the samples without Fe(II) influence (Rs..
Fe=3.60-3.61 A and CN = 1.4-1.6, Table 3). This differ-
ence can be attributed to the partial incorporation of Sc
into the goethite structure, considering that Sc-substituted
goethite exhibits significant Fe backscattering signals
(Fig. 7 and Table 2). Thus, we demonstrate that Sc
adsorbed on the goethite surface can be progressively incor-
porated into the goethite structure in the presence of aque-
ous Fe(I).

3.5. Micro-focused analyses of natural goethite

3.5.1. u-XRD and Fe K-edge u-XAFS

On the basis of the p-XRF mapping of Sc and Fe, two
particles enriched with Fe and Sc (indicated with circles in
Fig. 8A) were selected to perform u-XRD and p-XAFS
measurements. The p-XRD patterns of the two particles
were similar, and goethite was identified from the diffrac-
tion peaks to be the predominant mineral (Fig. 8B).

To further distinguish the presence of poorly-crystalline
ferrihydrite that is hardly identified by XRD analysis, we
also collected the Fe K-edge u-XAFS spectra of the two

spots. Their peak positions and features in the pre-edge
and post-edge regions of the p-XANES spectra were essen-
tially identical to those of goethite (Fig. 8C). Moreover, the
good match between the frequencies and amplitudes of the
u-EXAFS spectra was observed for the two particles and
goethite (Fig. 8D). The further LCF analysis with ferrihy-
drite and goethite as the end members showed that Fe is
predominantly present as goethite (91-94%) along with a
small amount of ferrihydrite (<9%, Fig. S4), which confirms
the identification of natural goethite particles by p-XRD
and Fe p-XANES analyses.

3.5.2. Sc K-edge u-XAFS

We carried out in situ Sc K-edge p-XAFS measurements
for the two identified goethite particles to investigate the
speciation and local environment of Sc in natural goethite.
The natural goethite examined here exhibited distinguish-
able XANES features with Sc-substituted goethite, particu-
larly for the presence of two feature peaks at 4496 and
4508 eV in the first derivatives (Fig. 9B). By LCF analysis
of p-XANES spectra, Sc speciation in natural goethite is
dominated by the species incorporated into the crystal
structure (69-79%) along with a small amount of adsorbed
Sc (21-31%) on the goethite surface (Fig. 9A and Table 4).

In the present study, the high Sc contents in the goethite
particles allowed us to first collect Sc K-edge p-EXAFS
spectra in natural samples. Despite the relatively poor qual-
ity, the k>x(k) spectra of natural goethite were more analo-
gous to those of Sc-substituted goethite (Fig. 10). Further
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LCF analysis of these p-EXAFS spectra also showed higher
percentages of Sc substitution species in the two goethite
particles (Fig. S3), which is consistent with the speciation
results derived from the n-XANES fitting (Table 4). More-
over, the curve-fitting analysis indicated that the pro-
nounced peak is composed of two Sc-O shells with bond
lengths of 2.07-2.08 and 2.17-2.19 A (Table 5). Similar to
synthetic ~ Sc-substituted goethite, the next-nearest-
neighbor shell at R + AR =2.5-3.5 A (phase shift not cor-
rected) could be rationally fitted by the three Sc-Fe shells
model, in which the interatomic distances between Sc and
Fe atoms were 3.15-3.17, 3.43, and 3.65-3.66 A (Table 5).

3.6. DFT calculations

According to DFT calculations, the theoretical Sc-Fe
distances for the bidentate-binuclear (corner-sharing, >C)
complex and bidentate—mononuclear (edge-sharing, 2E)
complex were 3.61 and 3.04 A, respectively, whereas the

average Sc-O bond length for both complexes was 2.20 A
(Fig. 11). These Sc-O and Sc-Fe bond lengths in the biden-
tate-binuclear complex obtained from DFT calculations
are highly comparable to those derived from the EXAFS
analysis of Sc-adsorbed goethite (Rsc.0 =2.13 A and Rse.
Fe = 3.61 A, Table 3). This consistency suggests that Sc is
predominantly adsorbed on goethite via the bidentate—bin-
uclear corner-sharing complexation.

4. DISCUSSION
4.1. Molecular mechanisms for Sc adsorption on goethite

A number of studies have explored the mechanisms
underlying the adsorption of metal(liod)s on minerals
through surface complex modeling, quantum chemical cal-
culations, and EXAFS analyses (e.g., Randall et al., 1999;
Catalano et al., 2008; Sherman et al., 2008; Qin et al.,
2012, 2019; Villalobos et al., 2014). However, the
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adsorption behavior and molecular-scale mechanisms for
Sc sequestration by goethite remain unclear. In this study,
in combination with the ionic-strength-independent adsorp-
tion trend (Fig. 4) and the great Sc desorption by the
EDTA-2Na ligand (Table 1) in macroscopic experiments,
the presence of the Sc-Fe shell in Sc-adsorbed goethite from
EXAFS analysis (Fig. 7 and Table 3) clearly demonstrated

that the inner-sphere complexation is the predominant
retention mechanism for Sc adsorption on goethite.

In general, metal(loid)s are adsorbed on iron (oxyhydr)
oxides with the binding modes of either inner-sphere or
outer-sphere complexation, which could be systematically
predicted by their proton dissociation constant (pKa) of
conjugate acids for anions and their stability constant
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Table 5
Structural parameters of natural goethite particles obtained by a curve-fitting analysis of Sc K-edge EXAFS spectra.
Sample Shell CN R (A) AE, (eV) o’ (Az) e R factor
Spot 1 Sc-0, 3 2.07(4)° 2(3)° 0.004° 292 0.054
Sc-0, 3 2.19(3) 0.004(3)
Sc-Fe; 0.8(0.6)" 3.15(5) 0.002(3)
Sc-Fe, 2.5(1.2) 3.43(7) 0.002
Sc-Fe; 2.8(2.2) 3.65(8) 0.008
Spot 2 Sc-04 3 2.08(4) 3(3) 0.004° 266 0.039
Sc-0, 3 2.17(4) 0.004(3)
Sc-Fe, 0.8(0.5) 3.17(5) 0.002(2)
Sc-Fe, 2.2(0.9) 3.43(5) 0.002
Sc-Fes 2.4(2.0) 3.66(8) 0.008

CN: coordination number; R: interatomic distance; AE,: threshold E, shift; o* Debye-Waller factor; 32 reduced chi-square value; Sg:

amplitude reduction factor, 0.85.

% The uncertainties of the CN are listed in parentheses. Parameters with no listed uncertainties were not varied in the analyses.
® The uncertainties in the last digit for R, AE,, and o are reported in parentheses.
¢ Constrained to the same value for the two Sc-O shells during the analyses.

(B)

Fig. 11. Optimized structures of surface complexes for Sc adsorbed on goethite (A: bidentate-binuclear complex; B: bidentate-mononuclear
complex; red = O, white = H, violet = Fe, blue = Sc; bond lengths shown in A). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

(logBon) with hydroxide for cations (Takahashi et al., 2015;
Qin et al., 2017a). Cations with large logBoy values (e.g.,
Cd** and Cu®") exhibit a high affinity for iron (oxyhydr)
oxides and tend to form inner-sphere complexes, which
may be related to the linear free energy relationship
(LFER) (Dzombak and Morel, 1990; Takahashi et al.,
2015). According to this systematics trend for the binding
modes of metal cations, Sc could be preferentially adsorbed
on iron (oxyhydr)oxides via the inner-sphere complexation
due to the larger logBoy value and higher ionic potential
for Sc®*, which is consistent with our finding regarding
the adsorption mechanism for Sc on goethite.

To help verify the structural models of the formed Sc
complexes on goethite, we optimized the geometries for
clusters analogous to bidentate edge-sharing (2E) and
corner-sharing (*C) surface complexes by using DFT calcu-
lations (Fig. 11). The consistency between DFT calculations
and EXAFS results about Sc-O and Sc-Fe bond lengths
(Fig. 11 and Table 3) strongly suggests that Sc is preferen-
tially adsorbed on goethite with the formation of bidentate

surface complexes at corner-sharing sites on the predomi-
nant {110} face of goethite via the O atoms bound to adja-
cent Fe atoms. Similar immobilization mechanisms have
also been found for the adsorption of other metal(loid)s
(e.g., Cd, As, V, and U) to goethite (e.g., Randall et al.,
1999; Sherman and Randall, 2003; Peacock and Sherman,
2004; Sherman et al., 2008). By contrast, the formation of
bidentate-mononuclear complexes (E) with a short Sc—
Fe distance (3.04 A) could be very small or negligible
because the 2E complex is energetically unfavorable and
only forms on the edge-sharing sites in the {001} and
{021} faces that usually comprise a very small fraction of
the total goethite surface (Randall et al., 1999; Boily
et al., 2001; Peacock and Sherman, 2004).

4.2. Structural incorporation of Sc into goethite
Many foreign ions (e.g., NiZ", A", Cr*", Ga’*, Co*",

Sb>", and Te®") can substitute for Fe(Ill) in the crystal
structure of goethite, and the extent of incorporation is
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largely governed by their ionic radius, valences, and bond-
ing natures (e.g., Manceau et al., 2000; Carvalho-e-Silva
et al., 2003; Sileo et al., 2004; Mitsunobu et al., 2010;
Kashiwabara et al., 2014; Liu et al., 2018). As for Sc(I111),
a continuous FesSc;.x OOH solid solution has been
recently synthesized in the laboratory by Levard et al.
(2018). They theoretically explained this phenomenon as
follows: (i) the difference (13.4%) in ionic radius between
Sc(IIl) (0.745 A) and Fe(III) (0.645A) is less than the
threshold value (15%) for continuous solid solutions stipu-
lated by the first Goldschmidt’s rule and (ii) the difference
(4%) between the Sc-O and Fe-O bond lengths is also less
than the threshold value (5%) in the lattice parameter that
makes the Vegard’s law valid for ideal solid solutions
(Jacob et al., 2007; Levard et al., 2018).

The present study is the first to report coordination
environments of Sc in Sc-substituted goethite by EXAFS
analysis. EXAFS results indicated that the central Sc atom
in Sc-substituted goethite was surrounded by two types of
O atoms (Rsc.o; =2.06 A and Rgc0r =2.17 A, Table 2).
The DFT calculations by Chassé et al. (2020) showed that
the distances of six Sc-O bonds in the goethite with a low
amount of Sc incorporation are 2.03, 2.07, 2.07, 2.16, 2.16,
and 2.15A, respectively, which agree with our EXAFS
results. The EXAFS and DFT results consistently suggest
the isomorphous substitution of Sc(III) for Fe(IIl) within
the goethite structure. The slight change in Sc-O distances
relative to Fe-O distances further indicates that the struc-
ture of goethite accommodates Sc substitution without a
significant change in the cell volume at a low rate of Sc
substitution (Chassé et al., 2020). However, it could be
expected that the variation in lattice parameters will be
larger at a higher rate of Sc substitution. Indeed, based
on the Rietveld refinement of XRD data for a series of
(Fe,Sc)OOH samples, Levard et al. (2018) demonstrated
that the changes in cell parameters and in the associated
cell volume as a function of the substitution rate of Fe
by Sc are almost perfectly linear for all parameters and
follow Vegard’s law.

For the next-nearest-neighbor Sc-Fe shell, the best fit
can be obtained by a three-shell model because goethite
possesses two edge-sharing links of Fe-Fe (EC and EC')
and one double corner-sharing link of Fe-Fe (DC) in the
structure (Gualtieri and Venturelli, 1999). The Sc-Fe; shell
at 3.12-3.13 A and the Sc-Fe, shell at 3.36 A for Sc-
substituted goethite could correspond to two adjacent octa-
hedra in the chains (EC) and in the row (EC') for pure
goethite, respectively, whereas the Sc-Fe; shell (Rs..
Fe3 = 3.53 A) corresponds to the double corner-sharing link
(DC) in the structure. Nevertheless, these Sc-Fe distances in
Sc-substituted goethite are greater than the corresponding
Fe-Fe bond lengths in pure goethite (EC: 3.01 A, EC:
3.28 A and DC: 3.46 A) (Gualtieri and Venturelli, 1999),
which is likely attributed to the distortion of the crystal
structure of goethite. For the substitution of other metals
(M) (e.g., Ni**, Sb>" and Cr3+) into the goethite structure,
similar differences have also been found between M-Fe and
Fe-Fe distances (e.g., Carvalho-e-Silva et al., 2003; Sileo
et al., 2004; Mitsunobu et al., 2010). The EXAFS results
regarding the distortion of the goethite structure are also

supported by the shift of diffraction peaks for Sc-
substituted goethite from the XRD observations in our
study and Levard et al. (2018). The differences in ionic
radius and charge between foreign metals and Fe(IIl) in
goethite could result in the change in d-spacing and distor-
tion of the structure once the substitution occurs
(Mitsunobu et al., 2010; Levard et al., 2018; Liu et al.,
2018).

Most importantly, the present study provides in situ
spectroscopic evidence for the structural incorporation of
Sc into natural goethite, revealing that Sc(III) substitution
for Fe(IIl) within goethite is a critical geochemical process
for Sc immobilization. Despite good matches in the
XANES and EXAFS spectra, the intensity of the distant
Sc-Fe peaks for natural goethite was lower than those for
synthetic Sc-substituted goethite (Fig. 10). This disparity
could be explained by several reasons. First, the disorder
of Sc local structure may be larger for natural goethite with
the fine-grained nature, resulting in weaker Sc-Fe peaks in
natural goethite. This is supported by the Fe K-edge
EXAFS result that much weaker distant shell (Fe-Fe)
beyond the prominent Fe-O peak is observed in natural
goethite than in synthetic goethite because of the higher dis-
order for natural goethite (Fig. 8E). Second, the Fe
backscattering signals of natural goethite could be affected
by the presence of adsorbed Sc species (21-31%) to some
extent. The larger Sc-Fe bond lengths and lower CNs in
natural goethite than those in synthetic Sc-substituted
goethite (Table 5) may partly reflect the contribution of
adsorbed Sc species, considering that the Sc-Fe shell in
Sc-adsorbed goethite had a relatively longer interatomic
distance but a lower CN compared with Sc-substituted
goethite (Tables 2 and 3). Third, the incorporation of Sc
into natural goethite in the laterite may be influenced by
the competition from other coexisting cations that are cap-
able of substituting for Fe(III) in goethite, such as Al*",
Co*", Cr*", and Ni?*. For example, previous studies have
reported the preference of Co over Al, Cd over Al, and
Mn over Al for the substitution for Fe(IIl) in goethite
(e.g., Alvarez et al., 2007; Yin et al., 2020). Therefore, in
combination with previous studies about Sc substitution
into the goethite structure by XRD analysis (Levard
et al., 2018) and DFT calculations (Chassé et al., 2020),
the findings of our study obtained by EXAFS analysis pro-
vide direct atomic-scale information for the structural
incorporation of a few Sc into goethite, thereby improving
our understanding of Sc immobilization in natural
environment.

4.3. Possible controlling factor for Sc speciation in the
environment: The role of aqueous Fe(II)

Sc is mostly associated with (oxyhydr)oxides in a variety
of environments, such as laterites, soils, and bauxites (e.g.,
Poledniok, 2008; Chassé et al., 2017, 2019; Vind et al., 2018;
Teitler et al., 2019; Ulrich et al., 2019). Poledniok (2008)
reported that Sc in Upper Silesia soil is mainly present in
the Fe-Mn oxide fraction by sequential extractions.
Chassé et al. (2017) found that Sc adsorbed on goethite
accounts for 80% of total Sc in the laterites from the
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Syerston-Flemington deposits in Australia. Nonetheless,
several recent studies proposed that Sc could be mainly
incorporated into the goethite structure in Ni laterites from
New Caledonia and the Philippines (Munoz et al., 2017
Ulrich et al., 2019; Qin et al., 2020). These limited but
incongruent studies on Sc speciation in natural samples sug-
gest that Sc can be sequestrated by goethite via adsorption,
incorporation, or the mixing of the both mechanisms. How-
ever, the factor controlling the Sc speciation in the environ-
ment is still largely unknown.

In this study, we demonstrate the significant effect of
aqueous Fe(I) on Sc speciation in goethite by Sc K-edge
XAFS analysis. In specific, the adsorbed Sc on the goethite
surface can be incorporated into the crystal structure to a
large degree in the presence of aqueous Fe(Il), which is
likely due to goethite recrystallization induced by aqueous
Fe(IT). Previous researches have clearly observed that
goethite recrystallization can be rapidly activated by aque-
ous Fe(II) because of the exchange of extensive Fe atoms
between solid mineral and solution (Yanina and Rosso,
2008; Handler et al., 2009, 2014; Frierdich et al., 2014;
Gorski and Fantle, 2017; Taylor et al., 2019). This Fe(II)-
catalyzed recrystallization possibly involves Fe(II) sorption,
electron transfer between adsorbed Fe(Il) and lattice Fe
(IIT), and conduction of injected electrons to different Fe
(IIT) lattice sites, which then undergo reductive release as
Fe(Il) (Handler et al., 2009, 2014; Taylor et al., 2019).
The extent of atom exchange may be thermodynamically
driven by the “healing” of defects at the goethite surface
(Notini et al., 2018; Taylor et al., 2019). During goethite
recrystallization, the adsorbed Sc(III) near the regions
undergoing localized Fe(II) oxidative growth can become
progressively overgrown and incorporated into the struc-
tural sites of goethite (Fig. 12). Similarly, Fe(II)-catalyzed
recrystallization can lead to the progressive incorporation
of adsorbed Ni(I) and Sb(V) into the goethite structure
(Frierdich et al., 2011; Burton et al., 2020).

In general, goethite recrystallization occurs slowly under
oxidizing conditions, but the reductive dissolution of the
goethite in lateritic, sedimentary, and soil environments

would be activated by the aqueous Fe(II) generated by abi-
otic and microbial iron reduction under reducing condi-
tions (Frierdich et al., 2011, 2019a; Weber et al., 2006;
Crosby et al., 2007). Recent studies have suggested that
aqueous Fe(Il)-activated goethite recrystallization could
result in the redistribution of trace elements (e.g., Ni and
Sb) between surface adsorption and the interior of the min-
eral (e.g., Frierdich et al., 2011, 2019a; Burton et al., 2020).
Accordingly, we propose here that the incorporation of Sc
into the goethite lattice could be controlled by the dynamic
recrystallization of goethite promoted by aqueous Fe(II).
The partitioning and speciation of Sc in goethite may reflect
the extent of past Fe(1I)-Fe(III) cycling in the environments
that have undergone numerous redox cycles. This hypothe-
sis could be used to explain disparate Sc speciation in later-
ites from different regions reported previously (Chassé
et al., 2017; Muioz et al., 2017; Ulrich et al., 2019; Qin
et al., 2020).

During the formation of laterite, the weathering of fer-
rous ultramafic-mafic rocks and smectite can release aque-
ous Fe(Il), although Fe(Il) can be rapidly oxidized and
precipitated as Fe(Ill) (oxyhydr)oxide minerals (Beukes
et al., 2002; Yamaguchi et al., 2007, Wu et al., 2019). In
addition, under anaerobic conditions in water-saturated
environment, Fe(Ill) can be used as an alternate electron
acceptor by dissimilatory Fe-reducing bacteria to produce
soluble Fe(II) in solution, which is transported within the
soil by advective and diffusive processes (e.g., Lovley
et al., 2004; Wiederhold et al., 2007, Li et al., 2017). Thus,
aqueous Fe(II) can be present during lateritization because
of the weathering of ferrous rocks and abiotic/microbial Fe
reduction under reducing conditions, which would affect
the speciation and (re)partitioning of Sc in goethite in the
lateritic environment.

We can assume that Sc released from the weathering of
parent rocks is initially adsorbed by newly formed goethite
during lateritization, as the adsorbed Sc species in million-
year-old laterites may result from the original sorption
mechanism (Chassé et al., 2019, 2020). For the laterites
from Australian Syerston-Flemington deposits, Chassé

Adsorption

@C plex)
Fe(ll)~

Incorporation

Fig. 12. Schematic diagram showing that adsorbed Sc on the goethite surface (bidentate-binuclear corner-sharing complex, °C) is
incorporated into the crystal structure (substitution for Fe(I1)) in the presence of aqueous Fe(II).
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et al. (2017) proposed that tectonic stability is one of the
key factors affecting the formation of this highest-grade
Sc lateritic deposit, which may imply relatively less Fe(II)-
Fe(III) redox cycles during lateritic weathering. Hence,
the adsorption of predominant Sc on goethite is expected
because of the limited influence of Fe(Il) on the initial
adsorbed species. By contrast, the occurrence of different
generations of goethite in the New Caledonia Ni-Co later-
ites shows that a successive dissolution and recrystallization
cycle of goethite have undergone during lateritization
(Dublet et al., 2015; Teitler et al., 2019; Ulrich et al.,
2019), which could play a significant role in the remobiliza-
tion and redistribution of Sc and Ni in laterites. The dom-
inant Sc incorporated into goethite in Ni-Co laterites from
New Caledonia (Munoz et al., 2017; Ulrich et al., 2019)
may be attributed to the process that the original adsorbed
Sc becomes progressively incorporated into the interior of
goethite during the successive goethite recrystallization pos-
sibly promoted by aqueous Fe(II).

As for the Philippine Ni laterite, the Sc p-XAFS results
of goethite particles from the present study indicate that
most of Sc (69-79%) is incorporated into the crystal struc-
ture. Previous bulk Sc XANES analysis of the same sample
(LS-1) showed that the ratios of Sc-substituted species into
the goethite structure and Sc-adsorbed species on the
goethite surface were 60% and 40% (Qin et al., 2020). The
higher ratio of Sc-substituted species from p-XAFS analysis
is not surprising, as the two pu-XAFS spectra were collected
from the Sc-rich goethite hotspots, in which Sc incorpora-
tion could be expected to be relatively larger. By compar-
ison, the bulk XANES gives the average speciation
information, which could include the goethite particles with
higher Sc adsorption species. However, both the bulk and
W-XAFS results demonstrate that a part of Sc (up to
80%) can be incorporated into the crystal structure of
goethite in natural laterite samples from the Philippines,
in addition to the adsorption of Sc onto goethite. This find-
ing may be also interpreted by the effect of Fe(II)-catalyzed
recrystallization on Sc speciation in goethite, but the Fe(II)
redox cycles may be not so frequent during the formation of
Philippine laterite compared with the laterites in New Cale-
donia. A recent study (Li et al., 2017) has suggested that the
transport of aqueous Fe(II) species could be spatially lim-
ited under reducing situations for the laterites in Southern
Philippines in tropical environments, based on a small Fe
isotopic fractionation and significant Fe loss during the for-
mation of laterites.

Therefore, the redox-driven goethite recrystallization
induced by aqueous Fe(II) could control the Sc speciation
and repartitioning between the goethite surface and bulk
of the mineral in the lateritic environment. Nonetheless,
this recrystallization process could also involve simultane-
ous dissolution of goethite surfaces, which may cause the
possible release of the trace elements incorporated into
goethite from the regions undergoing Fe(III) reductive dis-
solution in the presence of aqueous Fe(Il) (e.g., Frierdich
et al., 2011, 2019a). Further studies are needed to clarify
the effect of dynamic goethite recrystallization induced by
aqueous Fe(II) on Sc speciation and partitioning behavior
in various environments.

5. CONCLUSIONS

This study elucidates the molecular-scale mechanisms
for Sc immobilization by surface adsorption on and struc-
tural incorporation into goethite. Sc is preferentially
adsorbed on the corner-sharing sites of the goethite surface
via the bidentate-binuclear inner-sphere complexation,
while Sc is incorporated into the crystal structure via iso-
morphous substitution for Fe(III) in goethite. Furthermore,
we demonstrate that the adsorbed Sc on the goethite sur-
face can be incorporated into the goethite lattice in the pres-
ence of aqueous Fe(II), which possibly controls the
speciation and partitioning of Sc in the lateritic environ-
ment. These findings provide critical insights into the
understanding of geochemical behavior and environmental
fates of Sc. Our study also has implications for designing
optimal mining protocol for Sc recovery in laterites.
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