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Abstract. Assessing the fate of contaminants in the environment requires a deep understanding
of intrinsic adsorption mechanisms on natural minerals, such as Fe-oxyhydroxides. In this study,
we proposed an innovative approach to probe site heterogeneities on the goethite surface by
comparing the adsorption behavior of rare earth elements (REE; including Sc, Y and all
lanthanides; Ln) except Pm, as well as Th and U. A surface loading-dependent adsorption of Ln
and Y was observed, with a shift from (i) preferential middle to heavy REE adsorption, and (ii)
limited to substantial fractionation between Y and Ho as the loading increased. These
observations are likely attributable to the formation of strong and weak complexes onto the (021)
and (110)/(100) goethite faces, at low and high loading, respectively. Additionally, Ce-anomaly,
characteristic of Ce(lll) partial oxidation to Ce(IV), was only observed at high loading. By
drawing analogy with Th(IV) and Sc(lll), Ce(IV) is expected to outcompete Ln(lll) and Y
adsorption and stabilize primarily at the strong sites on the (021) face, even under conditions of
high loading. The outcome of this study, supported by charge distribution-multi site
complexation (CD-MUSIC) calculation, provides new insights into the impact of facet-

dependent adsorption and redox processes on Fe-oxyhydroxides.

Keywords: Fe(lll) oxy(hydr)oxide; surface complexation; rare earth elements patterns; Ce
oxidation; actinides
Synopsis: This study uses rare earth elements to probe facet-dependent surface complexation

and redox processes onto goethite, which affects the environmental fate of many contaminants.
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1. Introduction

Iron oxyhydroxides are widely present in the environment with different composition,
mineralogy and morphology,’ and play a key role in the speciation, bioavailability and transport
of the contaminants.>* They exhibit distinct crystal faces with different binding sites, leading to
different adsorption mechanisms.>® For instance, the facet dependent adsorption on goethite is
generally attributed to the formation of strong bidentate complexes between metal ions and two
adjacent =FeO groups at the edge of the same Fe(IIl) octahedra (or mononuclear edge sharing
complex) of the (021) face (group Pbnm), or weaker ones at the corners of two distinct Fe(lll)
octahedra (binuclear corner sharing complex) at the (110)/(100) faces (Figure 1).°** To
determine facet-controlled adsorption, characterization of particle morphology and reactivity is
necessary using a combination of solid-state techniques (e.g. transmission electron microscopy
(TEM), X-ray diffraction (XRD), atomic force microscopy (AFM),’®) and aqueous phase
measurements. However, accurate particle characterization in polydisperse nanoparticle
suspensions, which exhibit diverse surface and crystallographic properties, remains a challenging
task.***> Therefore, it is important to develop new approaches to probe surface site densities and
heterogeneities in aqueous suspensions, and subsequently incorporate facet-dependent adsorption
processes into environmental speciation models.

Rare earth elements (REE; including Sc, Y and all lanthanides (Ln) except Pm) are mainly
trivalent in environmentally relevant conditions and form a highly coherent series of naturally
occurring elements, whose chemical properties vary regularly along the series due to subtle
differences in their chemical behavior, except Sc with its smaller ionic radius. They are now
considered as emerging contaminants as a result of their growing demand in modern

16,17

technologies, their increased concentrations in several environmental compartments (rivers,
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lakes, groundwaters, and coastal seawater)'® and their ecological risks.***° They have also been
studied for a long time as tracers of different hydro-biogeochemical processes in present and
ancient environments.”* " Their relative affinity for reactive sites can be visualized in the plot of
the intrinsic stability constants (logio K), or the partition coefficient between two phases (logio
Kg) versus the REE atomic number. For instance, different and specific shapes of REE log;o K
patterns can emerge based on the sorbent or ligand used. A change in the REE pattern could be
directly attributed to the changes in REE species formed at heterogeneous surfaces like quartz,?*

28,29 algae,30

iron hydroxides,”® manganese oxides,®® clay minerals,”’ bacterial cells,
nanoplastics,®* or natural organic colloids.*** Moreover, the presence of the so-called tetrad
effect (i.e. visualized as “waves” in the REE pattern), which arises from spin-orbit coupling of
the f-electrons, serves as an indicator of inner-sphere complexation.*** Additionally, Ce(l11) can
be oxidized to Ce(IV)***" in low temperature environments, and the preferential scavenging of
Ce(IV) compared to Ce(lll) can give rise to the development of so-called Ce anomaly within
REE patterns. The presence or the absence of a Ce anomaly in natural samples is widely used as
a proxy of (paleo)redox conditions.”**®* However, the mechanisms driving the oxidation of
Ce(111) to Ce(IV) at mineral surfaces remain elusive.

In this study, REE were used to probe diverse facet-dependent processes on goethite, one of the
most abundant and thermodynamically stable iron oxyhydroxides." 100-150nm long needle-
shaped goethite particles were chosen for their well-characterized surface structure, facet-
dependent site density and surface reactivity with various ions.>®° Additionally, we explored
the binding behavior of U, and Th, which may naturally co-occur and compete with REE in

many environmental settings.*® Examining the adsorption of these cations alongside REE may

provide valuable insights into binding mechanisms and Ce-anomalies.?**° Batch experiments
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were conducted from pH 3 to 7 and concentrations of all REE, Th, and U, in multi-metal ion
systems. The experimental data were complemented by employing the Charge Distribution-Multi
Site Complexation model (CD-MUSIC) for mechanistic surface complexation modeling. We
discussed the impact of specific crystal facets of goethite on adsorption processes, thereby
influencing the mobility of REE and the redox speciation of Ce. This approach serves as a robust

tool for predicting the speciation of REE, Th, and U in the environment.

(110)

(021)

Figure 1. Goethite morphology and surface complexes proposed for metal ions at the (110)
(bidentate corner sharing, weak complex) and (021) (bidentate edge sharing, strong complex)
crystallographic faces (group Pbnm).”

2. Materials and Methods

Materials used are described in Supporting Information (Appendix A).

Synthesis and characterization of goethite particles. The presently used goethite batch was
synthesized and characterized in a previous study,** and followed previously described
procedure.”®* More details are provided in SI (Appendix B). The BET specific surface area
(SSA) was 81 + 1 m? g, and the isoelectric point (IEP) of goethite was found equal to 9.1 using
a zeta-potential analyzer (NanoBrook 90Plus zeta, Brookhaven, USA). The purity of goethite

was confirmed by X-ray diffraction (XRD) and goethite nanoparticles were characterized by
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transmission electron microscopy (LVEMS5-TEM) (Figure S1), which confirmed that goethite

has a typical needle-like shape, with length between 110 and 150 nm and width of 8—12 nm.

Batch experiments. The batch sorption experiments were carried out in opaque 250 mL HDPE
reactors at room temperature (20°C £ 2) under ambient (air) conditions. The experiments were
conducted in a 100 mL of a solution containing all Ln except Pm, as well as Sc, Y, Th, and U
simultaneously in 5 mM NaCl as a background electrolyte with 0.1 g L™ of goethite suspension.
Batch experiments were initiated at low pH, due to the use of 5% v/v nitric acid stock solution
containing REE, Th and U. Following pH adjustment, using HCI or NaOH (0.1 M), solutions
were shaken in an oscillating table for 24 h, then the final pH was measured, and the samples
were subsequently filtered through 0.2 um (Sartorius® PES filters) for concentration
determination. 24h equilibration was considered enough to reach a steady-state based on kinetic
experiments summarized in the SI (Figure S2, Appendix C). Three sets of pH sorption edge
experiments were conducted in the pH range 3 to 7 for total metal ion concentrations ([M]) of
1x107 M, 7x107 M, and 7x10° M. The adsorption isotherm experiments were carried out at pH
5.5 + 0.1, by adjusting it several times during the reaction, for [M] ranging from 107 M to 10
M.

All REE, Th, and U and Fe concentrations in solution were measured using a Quadrupole ICP-
MS (Agilent Technologies 7700x) following the procedures detailed in the SI (Appendix D). As
no significant amount of Fe was detected in the filtrate, it can be concluded that filtration at 0.2
pm efficiently removed goethite. The validity and the reproducibility of the results were
confirmed using international geostandard SLRS-6.4

The metal ion adsorption onto goethite surface was expressed in percentage of metal ion

adsorbed (%M.gs) and the surface area-normalized distribution coefficient (Kg, L m™):
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%M, = M % 100 1)
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K, @)

" 5SA % 7 x M1,
where [M].,; and [M],, refer to the total (initial) metal ion concentration (in mol L) and its
concentration in solution after phase separation, respectively, SSA is the specific surface area of
goethite expressed as m? kg™ and m/V is the solid to liquid ratio expressed as mass of a solid in
contact with a solution of a given volume (in kg L™). According to previous adsorption studies,
+5% was considered for the percentage adsorbed, + 0.2 L m™ for log:o Kq values was considered
for REE except Sc, whose adsorption is moderate, and + 0.5 L m™ for Sc, Th and U whose

adsorption is very strong.***

Surface complexation modeling (SCM). PHREEQC version 2 was used to model surface
complexation onto goethite using thermodynamic database “Minteq v4”.*® Activity coefficients
were calculated using Davies equation. Additionally, stability constants at 0 M ionic strength and
25 °C for REE (here except Sc) inorganic anion complexation were added in the database which
includes (i) chloride (REECI*, REECL"),* (ii) hydroxide (REEOH**, REE(OH),",
REE(OH)3),”® (iii) bicarbonate and carbonate (REEHCO5?*, REECO;" and REE(COs), ),* as
well as the solubility of freshly formed (amorphous) REE(OH)3(m) phases.>® These references
were chosen because they provide consistent data for the whole Ln and Y group, which is
mandatory to model REE patterns, and because the original authors ensure internal consistency
within this database. The details of the reactions and constants used are provided in a previous
article® and summarized in supporting information (Table S1, Appendix E). Th and U database

51,52

was taken from the Nuclear Energy Agency (NEA) whereas Sc hydrolysis constants were



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

taken from the literature.®® Model showed no precipitation of REE(OH)3(am), Sc(OH)3() or
Schoepite in the present experimental conditions.

Predictions of metal ion adsorption to goethite were made using Charge Distribution-Multi Slte
complexation (CD-MUSIC) model approach.®®>* In this model, both singly (=FeOH **) and
triply (=Fe;0 ) coordinated oxygen were defined for reaction with the proton and background
electrolyte but only the singly coordinated groups were considered for metal adsorption. The
widely used ‘1pK approximation’, allows to set the pK values (referring to the acidity constant)
of both singly and triply coordinated oxygens to the isoelectric point, which was assumed to
equal the point of zero charge (PZC). According to previous studies, synthetic goethite exhibits a
plane distribution of 27% (100) and 63% (110), and 10% (210) (group Pbnm).®® Because planes
(100) and (110) show the same proportion of =FeOH * and =Fe;0 ", they are generally not
distinguished in surface complexation models and a weighted average of their site densities is
used. The crystallographic site densities used were as follows:"®>* 3.12 =FeOH - and =Fe;0 %
nm at the (110)/(100) planes (which represent together 90% of the surface) and 7.4 =FeOH °?
nm? at the (021) plane (which represents 10% of the surface). The interfacial electrostatics of the
system were defined by the Triple Layer Model (TLM)> where ions can be distributed between
the 0-, 1- and 2-planes (Azg; Az1; Azy). The electrostatics at the (110)/(100) and (021) faces were
independently treated. The solution-side part of the interface is described according to the Gouy-
Chapman equation.®® The total (Stern) capacitance of the oxide/water interface is split into the
capacitances of the charge-free layers in between the 0-, 1- and 2-planes. For goethite, C; = 2.3
F/m2 and C, = 1.07 F/m2 (Cs = 0.73 F/m?).** More details are provided in the SI of Marsac et al.

(2016)°*, and are repeated in the present Sl for the sake of simplicity (Appendix E).
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The charge of H™ ions was placed at the surface (0-plane) whereas for CI” and Na* the charges
were located at the 2-plane. The charge of REE, Th, and U ions was distributed at the
goethite/water interface between O-plane and 1-plane. As the presence of atmospheric CO,(,)
dissolution was not avoided in our experiments, equilibrium with the atmosphere was considered
in the calculations, because it might be reasonable to assume that, at 3 < pH < 7, dissolved CO,
concentration remains low and might equilibrate with the solution within less than 24h.
Carbonate surface complexation to goethite was also considered, using reactions and parameters
in Table 1, although preliminary tests showed that binary carbonate-goethite complexes had
insignificant effects on cations binding with goethite in the present conditions. By contrast,
ternary U-carbonate-goethite complexes have been previously evidenced and modelled with CD-
MUSIC (Table S2, Appendix E),>*®* so they were considered in the present study. Charges of
carbonate and U were distributed between the 0-plane and 1-plane. As further discussed later in
this manuscript, our data do not evidence such complex for REE and Th, so no attempt to include
them was made.

During the parameter fit, the charge variations at the 0-, 1-and 2-planes (Azg; Azi; Azp) were
determined together with the surface complexation constants during the parameter estimation
using PhreePlot,®® which employs a modified Marquardt—Levenberg procedure.®’ Several
constraints were applied in order to decrease the number of adjustable parameters. The charge
variation was constrained equal at the (021) and (110)/(100) planes for all the metal ion
reactions. In addition, cation charge (n) was distributed between planes 0 and 1, hence leading to
the following relationships: Az; = n - Az and Az, = 0. Charge distribution for Ln and Y were set
equal. Experimental REE log;o Ky patterns were used to constrain the pattern of the surface

complexation constants®* at the corresponding goethite faces. REE logyo Kq pattern at pH = 5.21

10
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and [M]ir = 1x107 M (denoted Kg,ion) and logio Kq pattern at pH = 6.42 and [M]y = 7x10° M
(denoted Kg,nigh) Were respectively selected for that purpose:

log,0 K =a X log1o Kgiow + b 3)

0
(021),Ln

logio K =c X logyo Kgnign +d (4)

0
(110)/(100),Ln
Where a, b, ¢ and d are adjustable parameters of the linear relationships. Equations 3 and 4 were

also applied to Y**.

Table 1. The CD-MUSIC model parameters for goethite protonation,®”®*®® carbonate surface
complexation® and surface electrostatics®. Charge variation at 0-, 1- and 2- planes is represented
by Azy Az; and Az, respectively.

Surface reaction Logio K° Az Azy Az
= Fe;07 %5+ H* & = Fe;OH*0? 9.1 +1 0 0
= Fe;07%°+ H*+ CI™ = = Fe;OHCI™ 8.1 +1 0 -1
= Fe;07 %5+ Na* = = Fe;ONat%® -1 0 0 +1
= FeOH %5+ H* 2 = FeOH,""® 9.1 +1 0 0
= FeOH %%+ H*+ ClI~ = = FeOH,Cl™%> 8.1 +1 0 -1
= FeOH %5+ Na* = = FeOHNa*%® -1 0 0 +1
2(= FeOH,**") + €03*~ = = (Fe0),C0™ + 2H,0 -13.8  -133 -067 O

2(= FeOH,***) + HCO;~ = = (Fe0),COH +2H,0  -187  -025 -075 0
= FeOH,>** + C0;*~ = = Fe0C0,"* + H,0 73 -135 -065 O
= FeOH,*** + HCO;~ = = FeOCOOH®5~ + H,0 79 029 -071 0

*TPM with C; = 2.3 F m?, C, = 1.07 F m™. Site densities: [=FeOH *°] = 3.12, and 7.4 site/nm’ at
the (110)/(100) and (021) planes, respectively; [=Fe;0 *°] = 3.12 site/nm* at the (110)/(100) plane.
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3. Results and discussion

Effects of pH and metal ion concentration on REE adsorption. The adsorption of Eu onto
goethite versus pH in the presence of the other metal ions in 5 mM NaCl solution is shown in
Figure 2a for [M]it 1x107 M, 7107 M and 7x10°® M, referred to as low, intermediate and high
metal concentrations, respectively. Data for all other Ln follow the same trend as Eu (Figure S3,
S4 and S5, Appendix F). Ln binding to goethite surface increased with pH which is typical for
cations adsorption onto metal oxides. However, sorption edge shifted to higher pH values when
[M]:or was increased. This points to the saturation of a few number of strong sites occurring at the
goethite surface, and predominant binding to weaker but more abundant sites at higher surface
loadings. This is further supported by adsorption isotherm experiment (see Figure 2b and S3) in
which adsorption drastically decreased in a first stage with increasing aqueous metal ion
concentration due to saturation of adsorption sites. These results are in excellent agreement with

previous studies,® 164

where two different adsorption mechanisms onto goethite surface had
been shown, as well as on hydrous ferric oxides,” hematite,” quartz,* and clays.?® Accordingly,
the high and low affinity sites for Ln and Y adsorption are hypothesized at two different
crystallographic faces, (021) and (110)/(100) (Figure 1), as recently confirmed by X-ray-

absorption spectroscopy.*?

12
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Figure 2. Percentage of Eu adsorbed as a function of (a) pH for different total metal ion
concentrations ([M]r) and (b) final Eu aqueous concentration ([Eu]ag) at pH 5.5. Corresponding
REE Log;o Kq patterns at different pH values for total metal ion concentrations of (c) 1x107 M
(d) 7x107 M (e) 7x10° M, and (f) at pH 5.5 for different metal ion concentrations. Experimental
conditions: m/V = 0.1 g L, temperature 20° C, reaction time 24 hours. All solid lines represent
model. Error bars correspond to £5% or + 0.2 L m™2 for Logio Kq.
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REE patterns evolution. As Sc shows a distinct behavior from other REE, it was discussed
separately. The REE Ky patterns obtained at different pH values corresponding to low,
intermediate and high [M]w: (Figure 2c, d & e, respectively) show M-type tetrad effect which
indicates inner-sphere complexation of REE at the goethite surface.*** Additionally, two
distinct patterns emerged at low [M]i: (Figure 2c) and high (Figure 2e) [M]i, with preferential
adsorption of middle (MREE) and heavy (HREE) REE, respectively. This transition occurs from
the former to the latter at intermediate [M]: (Figure 2d) with increasing pH. The evolution of
the REE pattern can be examined by comparing the Log;o Kq differences between two REE, such
as Gd and Yb (denoted as Gd-Yb), especially when significant changes occur for HREE, as
observed in this study. Values of Gd-Yb were plotted in Figure 3a versus the surface loading (in
nm?), which was calculated based on the total concentrations of all adsorbed metal ions onto

goethite:

Y([Mlpe = [M]og ) X VX Ny x 10728 (5)
m X SSA

Surface loading =

Where N, is the Avogadro constant (mol™). Values of Gd-Yb progressively decreased with
increasing loading until approximately 0.1 nm where they reached kind of a plateau, albeit with
scattering most probably arising from the lack of consideration of H" in equation 5. This
observation suggests that saturation of strong binding sites on the (021) plane occurred at surface
loadings below 0.1 nm™ This finding supports the hypothesis of two distinct surface
complexation mechanisms governing REE binding with goethite at low and high surface
loadings, potentially due to differing coordination environments at the (021) and (110)/(100)
faces. Theoretically, as the (021) face represents 10% of the surface area, the site density of

EFeOH’O‘S(ozl) approximately equals 0.74 nm™ when normalized to the whole surface.”® This
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leads to a theoretical bidentate edge sharing complex (i.e. strong site) density of 0.37 m™. The
observed surface loading at which site saturation occurs is lower than this value, likely due to

electrostatic repulsions generated by cation adsorption at high surface loadings.

Y-Ho fractionation. The pH-edge envelope of Y (Figures S4 & S5) exhibited a concentration
dependence similar to Ln, consistent with its analogous geochemical behavior to Ho (one of the
Ln) due to similar charge and ionic radii.®” However, at any given pH and [M] the percentage
of Y adsorbed is consistently lower than that of Ho, indicating Y-Ho fractionation. This

326889 s attributed to

phenomenon, previously observed on calcite, Fe- and Mn-oxide surfaces,
the more covalent nature of Ho-O bonding at the goethite surface due to 4f orbital participation
compared to Y-O bonding.®”® The degree of Y-Ho fractionation, quantified by the differences in
their respective Logi Kg values, increases with pH,%**® (Figure S6a) and depends on surface
loading (Figure 3b), which in turn is influenced by pH. Y-Ho fractionation tends to be steady at
surface loadings above approximately 0.1 nm™, similar to the pattern observed for Ln (Figure

3a). This observation supports the notion of a change in surface speciation for Y, favoring the

formation of more covalent bonds with the =FeOH - sites of the (110)/(100) face.

15
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272  Anomalous behavior of Ce. Positive Ce anomaly (Ce/Ce*) was observed on REE patterns
273  (Figures 2e, f), due to the oxidation of Ce(lll) to Ce(IV) at the goethite surface.****™ This

274 anomaly can be quantified using the following relationship:

KCe (6)
Ce/Ce * = Logy, d

1
2

(Ka" +Kg")

275  Ce-anomaly serves as a useful indicator of prevailing redox conditions or the redox capacity of
276  the adsorbing phase. While Fe(lll) ions in goethite are not strong enough to oxidize Ce(lll) to
277 Ce(1V),” recent work by Ratié et al.,”® suggests that Ce oxidation can be driven by O, through
278  the formation of a more thermodynamically favorable Ce(lV)-oxide or -hydroxide (CeOy or
279 Ce(OH)4s) at high [Ce]iot (e.9. in the order of 10™ M or above), as shown below (for the case of
280  Ce(OH)y):

281

Ce3* +4H,0 = Ce(OH)4) + 4H* + e~ (7

282  The larger Ce-anomaly at the highest [M]i investigated seem to corroborate this conclusion (see
283  Figure S6b). Although the formation of Ce(IV)-containing nanoparticles could not be observed
284 by TEM in a similar study focusing only on Ce, even at larger Ce concentrations than presently
285 investigated,”® the formation of nanoparticle or surface precipitates remains plausible as it was
286  observed on goethite for other tetravalent actinides analogous of Ce(lV) (e.g. PuOsyg).”
287  However, the precipitation of Ce(1V)-(hydr)oxide may not fully explain Ce redox speciation at
288  low [Celit (4x10° < [Celw: < 4x107 M). In Figure 3c, plotting Ce/Ce* versus the surface
289  loading revealed that the anomaly developed at loadings above approximately 0.2 nm™, which is

290  of the same order of magnitude as the =FeOH -~ sites on the (021) face. By analogy with Pu,
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where Pu(IV) adsorption to minerals was significantly stronger than Pu(l11),”*"®

we suggest that
larger Ce-anomaly arises from higher relative affinity of Ce(IV) over Ce(lll) at high loadings
compared to low loadings and, hence, might be related to the shift in REE surface speciation
from the (021) to the (110)/(100) faces of goethite. This will be discussed further by inspecting
Th(1V) behavior, here used as an analogue of Ce(1V),*? in the next section.

Th(1V) as analogue of Ce(IV). Thorium occurs as a tetravalent cation resulting in its strong
surface complexation with goethite (Figure 4a). As the final aqueous concentration of Th
measured was below its solubility limit with respect to amorphous Th(OH)4) formation (Figure
S7, Appendix G), it is suggested that Th removal from the solution is mainly driven by surface
complexation rather than precipitation. The significantly enhanced adsorption of Th(IV), in
comparison to trivalent Ln, across a wide range of pH values and metal concentrations (Figures
2, S4 & S5), falls in line with greater stabilization of Ce(IV) over Ce(lll) at the goethite surface.
Thorium adsorption exhibits almost no dependence on pH (Kg on the order of 10° L m™), as
commonly observed for tetravalent actinides (Th, Np or Pu) at clay minerals, silica or iron oxides
at pH > 3.7 Additionally, Kq(Th) remains nearly independent of [M]o, under the present
experimental conditions. This points to the predominant surface complexation of Th(IV) at the
(021) sites under all conditions, as confirmed by (i) its ability to potentially outcompete with all
the other investigated metal ions, and (ii) its surface loading never exceeding 0.032 nm, below
the strong site density. As increasing [M]i: decreases K4(REE), the corresponding increase in the
Ka(Th)/K4(REE) ratio indicates higher relative affinity of tetravalent over trivalent metal ions for
goethite surface at high loadings. This further supports the hypothesis that Ce-anomaly is more
pronounced at high loadings because of the facet-dependent metal ions adsorption onto goethite.

This proposed mechanism for Ce-anomaly development offers the advantage of applicability
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across any [Ce]i: conditions, unlike Ce(OH)a@my Which is restricted to supersaturated systems.

Additionally, it may explain Ce redox speciation variations observed on distinct mineral phases

under ambient atmosphere where similar redox conditions are presumed to prevail.”
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Figure 4. Adsorption expressed as logio Kg (L m™) as a function of pH for different total metal
ion concentrations ([M]i) for (a) Th (b) Sc and (c) U. Error bars correspond to + 0.5 L m™ of
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Sc(l11) and U(VI). As Sc shows a distinct behavior from other REE, it was discussed separately
and the comparative adsorption of REE was extended to encompass U, as they might co-occur
and compete with REE for goethite surface sites, and provide complementary information to
probe goethite surface reactivity. Scandium showed stronger adsorption compared to Ln and Y
(Figures S4 & S5), which can be explained by the smaller ionic radius of Sc** as compared to
Lu®* (0.87 vs. 0.98 A, for CN = 8).°" In fact, its adsorption behavior lies intermediary between
that of REE, because it is pH-dependent, and Th, which remains largely unaffected by variations
in [M]wt (Figures S4 & S5). This suggests that Sc preferentially binds to the (021) face in any
investigated conditions, like Th. In a previous study,”® Sc was shown to form mainly bidentate
corner sharing complexes at the (110)/(100) surface of goethite using X-ray absorption
spectroscopy (XAS) analyses. However, these experiments were conducted with significantly
higher [Scle: (2.22x10™* M) as compared to the present [M]w (7%10° M), under similar
conditions (i.e. ionic strength, m/\VV and pH range, etc). This may lead to insignificant
contribution of the spectroscopic signal of Sc bound to the (021) face. Uranium (U), under oxic
conditions, is expected to occur as uranyl ion (UO,?*) in aqueous solutions, behaving as a cation
with an effective charge of +3.3.”° This explains its stronger adsorption to goethite than that of
REE. However, in contrast to the other investigated metal ions, the adsorption of U(VI) onto
goethite also involved U-carbonate ternary complexes (Table $2).>°" The present results for U

are also in agreement with previous studies of U complexation with Fe oxides.*2%%
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346  Surface complexation modeling. The surface complexation reactions of all Ln** except Pm, as
347  well as Sc*, Y*, and UO,*" ions (denoted by M™), could be expressed by the following

348  reaction, as suggested by previous spectroscopic studies:>**"®

2(= FeOH™%5) + M™ = (= FeOH%%),M*(~1 (8)

349  Equation 8 does not explicitly specify the number of involved Fe(lll) octahedra in the reaction,
350 as it solely indicates the number of = FeOH % sites that may or may not be associated with the
351 same Fe(lll) octahedron. Therefore, equation 8 can be applied to both the bidentate edge- and
352  corner-sharing surface complexation processes at the (021) and (110)/(100) faces of goethite,
353  respectively.’®"® Although spectroscopic investigations have not been performed to confirm the
354  formation of both complexes, for the sake of consistency, the same surface complexation
355  reactions were considered for all metal ions at both faces.

356  As no redox potential (E4) measurements could be made in this study under ambient atmosphere,
357  no redox speciation of Ce could be modeled using PHREEQC and CD-MUSIC. Indeed, the Ey
358 and surface complexation constants for Ce(lll) and Ce(IV) should be treated as adjustable
359  parameters in the model, which would lead to an infinite number of mathematical solutions as
360 the Ey and [Ce(IV)]/[Ce(lll]) are related via the Nernst equation. Instead, only Ce(lll) is
361 considered in the calculation (by artificially setting an extremely low value for the standard
362 redox potential of the Ce(IV)/Ce(l11) couple) and two logie K° values for Ce at the (021) are
363  proposed. It allows a semi-quantitative prediction of (i) Ce(lll) binding to goethite, by taking the
364 mean logyy K° values between La and Pr, to account for the expected absence of Ce-anomaly in
365 moderately reducing conditions (where Ce(IV) is negligible), and (ii) Ce-anomaly under oxic

366  conditions (similar to the present ones), by fitting the Ce experimental data, as previously done.?
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367  Concerning U, reactions and parameters for UO,** were taken from the literature,>’ except for
368 the charge variation and formation constant of (= FeOH),U0,C0;" that were optimized in
369  phreeplot in order to accommodate the differences in electrostatics and description of the
370  goethite surface between previous work and the present study (See Table S2 & S3). Preliminary
371  tests revealed that Th adsorption was underestimated at high pH and loadings (pH > 6.2).
372  Therefore, Th adsorption was assumed to involve the second hydrolysis expressed as:

373

2(= FeOH™°5) + Th** + 2H,0 = (= FeOH °%),Th(OH)? + 2H* (9)

374 All model parameters are presented in Table 2, using constraints described in the materials and
375  methods section. Results of the fit performed using Phreeplot (presented in Figures 2, 3 & 4),
376  show that the model can predict the effects of pH and surface loading on the adsorption on each
377  studied metal ion. REE surface speciation simulations captured relatively well the transition from
378  strong sites, dominant at low loadings, i.e. at low [M]w: (Figure S8a, Appendix H) or at
379  intermediate one but at pH < 6 (Figure S8b), to weak sites dominant at higher loadings, i.e. at
380 high [M]w: (Figure S8c) or at intermediate one for pH > 6 (Figure S8b). The surface
381  complexation model captured well the corresponding change in the Ln pattern (Figures 2c-e), as
382  well as Ce-anomaly development (Figures 2c-f). As previously anticipated for Th and Sc
383  adsorption, the model shows predominant binding to the (021) face and the absence of
384  amorphous Th(OH)s) precipitation, which explains the small dependence to [M]i: simulated
385 (Figures 4a, b). The smaller changes in the surface speciation for Th(IV) for most of the
386 investigated pH range (Figure S9), in contrast to the widely evolving speciation of REE(III) in

387  response to varying surface loading, further consolidates the hypothesis of the facet-dependent
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development of Ce-anomaly. In agreement, with previous studies, U surface complexation to

goethite was well predicted by accounting for the formation of ternary goethite-U-carbonate

complexes (Figure 4c). The multi-element REE surface complexation model developed in this

study demonstrated its capability to predict the sorption behavior of mono-element REE (La, Eu

or Nd) in the literature (See Table S3 & Figure S10, Appendix 1).#*#® This shows that the

developed surface complexation model can be effectively applied to other systems under

different geochemical conditions, including varying metal concentrations and different goethite

morphology and surface.

Table 2. Surface complexation model parameters for all Ln except Pm, as well as Sc, Y and Th
sorption onto goethite. Charge variation at (021) and (110)/(100) faces were set equal for each
ion. Parameters of equations (8) and (9) were: a=0.96 + 0.09, b =12.38 £ 0.06, ¢ = 0.81 + 0.08,
d = 11.06 + 0.34. PObtained by fitting of Ce data. ®’Average value between La and Pr.

Surface species

Logio K°(110)/(100)

L0og10 K° (02 Azp; Azy; Az

= (FeOH™°%),La?*
= (FeOH™%%),Ce?*

= (FeOH™%%),pr2*
= (FeOH™%%),Nd?*
(FeOH™%%),Sm?*
(FeOH™%5),Eu?*
= (FeOH™%%),Gd?**
= (FeOH™°%),Th?*
(FeOH—O.S)sz2+
= (FeOH °%),Ho?*
= (FeOH™%%),Er?t
(FeOH™%5),Tm?*
= (FeOH™%%),Yb?*
= (FeOH™%%),Lu?*
= (FeOH %%),y?*
= (FeOH™%%),5¢%*
= (FeOH™%5),Th(0OH)3

13.55+ 0.55

14.14+ 0.56Y
13.80+ 0.55@

14.04+ 0.57
14.09+ 0.57
14.36+ 0.59
14.41+ 0.60
14.31+ 0.59
14.46+ 0.60
14.51+ 0.60
14.49+ 0.60
14.55+ 0.60
14.64+ 0.61
14.74+ 0.61
14.71+ 0.61
14.19 £ 0.57
18.94+0.9

8.22+1.73

15.92+ 0.25
16.05+ 0.25%
16.03+ 0.25@
16.14+ 0.26
16.17+ 0.26
16.31+ 0.26
16.31+ 0.26
16.21+ 0.26
16.22+ 0.25
16.21+ 0.25
16.16+ 0.25
16.16+ 0.25
16.18+ 0.25
16.22+ 0.25
16.20+ 0.25
15.97+ 0.25
20.33+0.5 1.96;1.04: 0
12.02+0.37  0.89;1.11;0

0.65; 2.35; 0
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4. Environmental implications

Adsorption onto Fe-oxyhydroxides is controlled by their distinct crystal facets, with varying
surface properties and binding sites. Using REE as surface probe and variations in REE patterns,
we notably demonstrated the influence of facet-dependent adsorption of goethite on REE
sorption and Ce redox speciation. Specifically, we observed a preference for middle REE
(MREE) and heavy REE (HREE) adsorption on the (021) and (110)/(100) faces of goethite,
respectively. This may have major impact in utilization of REE pattern variations in different
geochemical systems, where goethite occurs. Ce-anomaly was observed at higher metal loadings,
associated with shifts in REE(I11) surface speciation from (021) to (110)/(100) faces of goethite.
Enhanced stabilization of Ce(1V) as compared to Ce(lll) on the goethite surface because of the
predominant adsorption of Ce(1V) onto the (021) face and high relative Ce(IV)/Ce(l1l) affinity at
high loadings was also observed. This newly proposed mechanism to explain the development of
Ce-anomaly holds applicability across a range of [Ce]: conditions and offers insights into Ce
redox speciation across diverse mineral phases under ambient atmospheric conditions. This has
substantial implications for the mobility of Ce, as well as other redox-sensitive elements, in
natural systems where similar redox conditions may prevail. This study holds significant
relevance for understanding paleoredox environments, particularly in relation to the use of Ce
anomalies as a geochemical indicator. The surface complexation model developed in this study
not only enables the prediction of REE behavior in complex competitive systems with Sc, Th and
U, but also provides insights into Y-Ho fractionation and Ce oxidation on the goethite surface
under ambient atmospheric conditions. Given that REE are emerging contaminants, this study
provides a powerful predictive tool to help in understanding molecular-level processes governing

REE fate and transport within complex environmental mixtures.
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5. Supporting Information

(A) Additional details for materials and methods; (B) synthesis and characterization of goethite;
(C) batch kinetic experiments between goethite and REE, U and Th; (D) metal ions
concentration determination by ICP-MS; (E) modeling: goethite morphology and site density
calculation, database used for REE(III), Sc and Y, surface complexation reactions for U; (F)
experimental adsorption results; (G) Th solubility; (H) Surface speciation for Eu and Th; (I)

Prediction of existing literature data.
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