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ARTICLE INFO ABSTRACT

Editor: Oleg Pokrovsky The increase in use and extraction of Rare Earth Element (REE) over the last few decades has raised concerns
about their behaviour in the environment. One of the factors controlling their fate is adsorption onto iron (Fe)

Keywords: (oxy)hydroxides. In natural systems, aluminium (Al) substitutions of iron often occur in these (oxy)hydroxides,

Rare earth elements
Adsorption
iron (oxy)hydroxides

as Al is also one of the most abundant elements at the Earth’s surface. Though it has been shown that these
substitutions can have an impact on the adsorption of different metallic contaminants, to date, no study has been
Al substitution carried out on the impact of substitution on the adsorption of REE.

Ga substitution To fill this gap, a series of ferrihydrites and goethites with varying levels of Al and gallium (Ga) substitution
Nd speciation were synthesized, with Ga used as it is a chemical analogue of Al with an ionic radius comparable to that of Fe,
EXAFS unlike Al whose radius is smaller. The synthetised (oxy)hydroxides were subjected to REE adsorption at acidic to
near neutral pH. REE complexation modes were studied using EXAFS collected at the neodymium Ls-edge.
Results show that the amount of adsorbed REE is controlled both by the pH of solution and the structure of the
adsorbing (oxy)hydroxide. Adsorbed REE form both bidentate mononuclear (BM) and bidentate binuclear (BB)
complexes. Unlike goethite, in the ferrihydrite the substitution affects the size, shape and organisation of the
surface sites of the particle. The number of sites allowing BM complexation decrease with increasing substitution,
as Al and Ga inhibit the protrusion of metal octahedra at the (1—-10) plane. Additionally, Al substitution inhibits
the growth of the step wise (1—1—1) plane and its reciprocals, leading to the particle shape changing from
spherical to cylindrical and a loss of adsorption sites capable of forming both BM and BB complexes.

With this study we demonstrate that the substitution of Fe by Al and Ga in goethite has little to no effect, while
in the ferrihydrite it leads to a modification in particle shape, accompanied by a reduction in adsorption sites,
resulting in a decrease in total adsorption. Consequently, contrary to goethite, substitution in ferrihydrite
strongly reduces its capacity to trap and transport REE.

1. Introduction the discovery of their unique magnetic and electrical properties, the use
and application of REE have grown over the last decades and they are
Rare Earth Elements (REE) are defined as a group of 17 elements, currently considered indispensable for the ever-growing technology and

comprised of scandium (Sc), yttrium (Y), and the 15 lanthanides (Ln), by renewable energy sector (Castor and Hedrick, 2006; Haque et al., 2014;
the International Union of Pure and Applied Chemistry (IUPAC). With Wall, 2014). To keep up with growing demand, there has been a
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four-fold increase in REE production by mines (U.S. Geological Survey,
1996; U.S. Geological Survey, 2022). With this increase in REE con-
sumption, higher concentrations of all REE have been measured in rivers
and soils near mining areas and in areas where REE fertilizers were used
(Liang et al., 2014; Otero et al., 2005; Tyler, 2004). Anomalously high
concentrations of individual REE have also been found in rivers and
have been traced to either medical or industrial waste streams (Bau and
Dulski, 1996; Hatje et al., 2016; Inoue et al., 2020; Klaver et al., 2014;
Kulaksiz and Bau, 2013).

With ever-increasing levels of anthropogenic REE in soils and surface
waters, concerns about REE behaviour in the environment and its effect
on living organisms are also rising. Recent studies reveal that exposure
to REE exceeding natural levels have negative effects on ecosystems and
human health (Brouziotis et al., 2022; Egler et al., 2022; Gwenzi et al.,
2018; Pagano et al., 2019; Revel et al., 2023) while their behaviour in
the environment, and in particular their transfer processes, have yet to
be fully characterized (Gwenzi et al., 2018; Hissler et al., 2023; Tyler,
2004).

In natural aqueous surface and subsurface systems, colloids are
known to play a major role in the mobility of metallic pollutants,
including REE (Dia et al., 2000; Kretzschmar and Schafer, 2005). Col-
loids are described as nanometric particles with a high density of reac-
tive surface sites and specific surface area, which can consist of both
minerals (i.e. metallic oxides, clays) and organic material. One of the
most studied inorganic colloids is ferrihydrite (Fh), a poorly crystalline
iron (Fe) hydroxide that is widespread in near-surface environments and
whose role in the behaviour of trace metals has repeatedly been
demonstrated (Jambor and Dutrizac, 1998; Schwertmann and Taylor,
1989). REE complexation with natural ferrihydrite and goethite (Goe), a
thermodynamically stable transformation product of Fh, has also been
reported (Bau, 1999; Compton et al., 2003; Ratié et al., 2020; Santofimia
et al., 2022). At the same time, laboratory experiments have demon-
strated that various environmental parameters can modify REE
adsorption on Fe (oxy)hydroxides, such as the nature of the phase, the
presence of organic matter or carbonates as well as the pH, temperature,
and ionic strength (Davranche et al., 2004; Quinn et al., 2006a, 2006b,
2007).

However, in natural systems Fe (oxy)hydroxides often contain metal
impurities such as aluminium (Al) as Al is one of the most abundant
elements at the Earth’s surface that is known to substitute for Fe in Fe
(oxy)hydroxides structures. The impact of such substitutions on the
adsorption capacity of Fe (oxy)hydroxides has already been studied for
various oxyanions and metals (Adra et al., 2016; Cismasu et al., 2013;
Liang et al., 2021, 2022; Ma et al., 2015; Ni et al., 2016, 2017; Souza
et al.,, 2021). In general, these studies have shown that substitution
enhances the adsorption capacity of (oxy)hydroxides for both oxyanions
and metal cations. However, Cismasu et al. (2013) shows that, at low
adsorbate concentrations, pure Fh adsorbs as much as Al substituted Fh.
To our knowledge, no study has been performed on the effect of sub-
stitution in Fe-(oxy)hydroxide structures, on adsorption of REE.

The goal of this study is to determine if substitutions in Fe (oxy)
hydroxides help or hinder the removal of REE from solution. For this
purpose, a series of Fh and Goe with varying levels of Al as well as
gallium (Ga) were synthetised. As previously mentioned, Al-substitution
in Fe (oxy)hydroxides is common in natural systems. As for gallium, it is
often found to coexist with REE and other critical elements in mine
wastes (e.g. pyrite or coal) (Canovas et al., 2021; Dai et al., 2012; Zou
et al., 2017) and it is used together with REE in smartphone technology
(Bookhagen et al., 2020) and LEDs (De Oliveira et al., 2021). Further-
more, Ga and Al have a similar chemistry in solution (Bradley et al.,
1990), though their different ionic radii (AI*" at 0.535 A vs Ga®* at
0.620 A as compared to the Fe>* one (0.645 A) (Shannon, 1976)) may
induce variable structural distortions of the substituted Fe (oxy)
hydroxides.

The synthesized (oxy)hydroxides were first analysed to determine
whether Al and Ga were incorporated into the structure, and how this
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modified size and shape, and surface properties of the particles. Subse-
quently, adsorption experiments were carried out on all REE at variable
pH to study the effect of pH and the nature of the (oxy)hydroxides on
their adsorption capacity. Finally, neodymium (Nd) was chosen as a
proxy for all REE to look at the REE binding modes at the (oxy)hydroxide
surface, as the differences in electron configuration between the REE, i.
e. the filling of the 4f sub-shell, has no impact on their chemical
behaviour due to the 4f electrons being shielded from chemical in-
teractions by the 5s2 and Sp6 sub-shells (Henderson, 1984). Neodymium
was adsorbed on all the (oxy)hydroxides and its binding modes were
characterized by extended X-ray absorption fine structure (EXAFS)
spectroscopy performed at the Ls-edge of Nd.

2. Methods and materials
2.1. Synthesis of the metal (oxy)hydroxide series

The substituted goethite and ferrihydrite series were synthesized
following the protocols described by Schwertmann and Cornell (2000)
and detailed in the following paragraphs. All aqueous solutions were
prepared with ultrapure water (milli-Q-Integral, Millipore). Elemental
content in the final solid phases was determined by ICP-OES (Al & Fe)
and ICP-MS (Ga & REE) by the Service d’Analyse des Roches et Min-
éraux (SARM, Nancy). These results (Tables S1 to S3 of the supple-
mentary information) were used to calculate the final Al/(Al + Fe) and
Ga/(Ga + Fe) substitution ratios.

2.1.1. Synthesis of substituted goethite

Solutions of 1 M Fe(NO3)309H50, and 0.5 M of AI(NO3)3e9H50 and
Ga(NO3)309H,0 (99% pure, Sigma Aldrich) were mixed in varying ra-
tios (Table 1) with 5 M KOH to reach pH 11.7, before being topped up to
2 L with ultrapure water. These suspensions were aged in an oven for 14
days at 70 °C, shaking the bottle once a day. The precipitates were then
washed twice with 300 mL of 1 M KOH and centrifuged at 8888g for 30
min, before adjusting the pH to 7.5 with 1 M HCl and washing one last
time with ultrapure water. Lastly, the precipitates were dried in a glass
crystallising dish at room temperature and crushed with an agate mortar
and pestle for storage. Resulting in pure Goe, Al/(Al + Fe) ratios of 4.3
(Goe4.5A1), and 9.0 (Goe9Al), and Ga/(Ga + Fe) ratios of 3.3
(Goe3.5Ga), and 6.3 (Goe7Ga).

2.1.2. Synthesis of substituted ferrihydrite

Solutions of 0.2 M of Fe(NO3)309H,0, Al(NO3)3e9H,0, and Ga
(NO3)309H,0 were combined to achieve a total volume of 500 mL, using
solution ratios reported in Table 1 to obtain final ratios of Al/(Al + Fe) or
Ga/(Ga + Fe) equal to 0 (Fh), 10 (Fh10Ga), 20 (Fh20Al and Fh20Ga), 34
(Fh35Al), and 100 (AIO(OH) and GaO(OH)) in the solid ferrihydrite
series.

The solid precipitates were obtained by titrating the solutions to pH 7
using 1 M KOH, except for the Fh35Al and poorly crystalline Al (oxy)
hydroxide (AlIO(OH)), which were titrated to pH 5 to prevent crystal-
lisation. To accelerate the co-precipitation of Fe and Al/Ga, 250 mL of 1
M KOH was added at once before titrating to pH 7. The precipitates were
washed three times using ultrapure water and centrifuged at 8888g for
30 min. Lastly, the precipitates were dried in a crystallising dish at room
temperature and crushed for storage. Note that the crystallinity of GaO
(OH) could not be reduced, even when limiting the pH to 5, as the
precipitate always turned into a crystalline X-ray diffracting a-GaO(OH).

2.2. Characterisation of the Fe, Al, and Ga (oxy)hydroxides

The point of zero charge (PZC) was determined by performing
potentiometric titrations at the Ecole Supérieure de Chimie (ENSC) in
Rennes. First, 0.1 g of synthesized (oxy)hydroxide was added to 100 mL
of NaCl at different ionic strengths (10’3', 10’2, and 10" mol L) under
No atmosphere. Before each titration, CO, was removed from the
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Table 1
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Concentration (in mol L) and volume (in mL) of solution used for the synthesis of the metal (oxy)hydroxides, and their substitution ratio in percentage. The sub-
stitution ratio in Al/(Al + Fe) or Ga/(Ga + Fe) was calculated from the metal concentrations in the final solid phases.

Chemical Conc. Goe Goe4.5Al1 Goe9Al Goe3.5Ga Goe7Ga
Fe(NO3)309H,0 1 100 100 100 100 100
Al(NO3)309H,0 0.5 - 50 120 - -
Ga(NO3)3¢9H,0 0.5 - - - 50 120
KOH 5 180 174 165 174 165
Substitution ratio (in %) — 4.3 9.0 3.3 6.3
Conc. Fh Fh20Al Fh35A1 Fh10Ga Fh20Ga Al Ga
O(OH) O(OH)
Fe(NO3)309H,0 0.2 500 400 300 450 400 - -
Al(NO3)3¢9H,0 0.2 - 100 200 - - 500 -
Ga(NO3)3e9H,0 0.2 - - - 50 100 - 500
Substitution ratio (in %) - 20 34 10 20 - -

suspensions by purging with N5 gas in a double-walled Pyrex cell, kept at
a constant temperature by use of a thermostat.

The pH of suspension was monitored using a combined glass elec-
trode (Orion pH meter model 710 A) and adjusted with solutions of 1 M
HCI and 1 M NaOH.

The shape and size of the synthesized Fe/Al/Ga (oxy)hydroxides
were observed using a transmission electron microscope (TEM) (JEOL
JEM-2100 plus) at the Université Paris-Saclay. For these measurements,
~1 mg of Fe/Al/Ga (oxy)hydroxide was suspended in ~2 mL ethanol
(96% vol., VWR chemicals) and shaken until homogenous. A drop of this
suspension was deposited on a carbon coated copper grid, with the
ethanol evaporating and the particles settling on the grid.

The specific surface area (SSA) was determined by N adsorption-
desorption using the Brunauer-Emmet-Teller (BET) model, performed at
the Institute des Sciences Chimiques de Rennes (ISCR). To overcome the
effects of surface hydration, the (oxy)hydroxide powders were first
outgassed under vacuum at 150 °C. After which N, physisorption was
done with a Micromeritics Gemini VII 2390 t, using a gas mixture of No/
He (30/70).

The crystallinity of the Fe (oxy)hydroxide phases, and the effect
of substitution on the lattice, was observed by X-ray diffraction
measurements performed with the two-circle powder diffractometer
equipped with silicon-strip linear detectors (Mythen2, Dectris) on the
CRISTAL beamline (Itie et al., 2012) at the SOLEIL synchrotron (Saint
Aubin, France). The wavelength was A = 0.051427 nm for the ferrihy-
drite series and A = 0.07287 nm for the goethite series measurements.
The powders were put into glass capillaries with a diameter of 0.1 mm
and measurements were performed over a 20 range of 30°, with steps of
1° and a counting time of 5 s per step.

For the goethite series the space group and lattice parameters were
refined and extracted through whole pattern profile matching (Figs. S1-
S5), using the Le Bail method in the FullProf software (Rodriguez-Car-
vajal, 1990).

The Al and Ga (oxy)hydroxides (AIO(OH) and GaO(OH)) were
measured using a D2-phaser X-Ray Diffractometer (Bruker) equipped
with a Cu-Ka X-Ray tube generator (A = 0.15418 nm) at SOLEIL syn-
chrotron. The measurements were performed on powder with a flat-
tened surface, over a 20 angle range of 10°-60°, with steps of 0.02° 20
and a counting time of 1 s per step.

The domains of coherency in the ferrihydrite series were deter-
mined using Pair Distribution Function (PDF) measurements performed
at the CRISTAL beamline, using the same sample environment set-up as
the XRD measurements. The measurements were performed at a wave-
length of A = 0.051427 nm, over 85 steps, with the step size decreasing
from 2° to 0.5° with the increase of the angle, and a counting time of 20 s
per step.

The hydration rate, and the temperature of dehydration,
dehydroxylation, and phase transition of the ferrihydrite series were

determined using Thermogravimetric and Differential Thermal Analysis
(TG/DTA) measurements, performed on a LabSys evo from Setaram at
SOLEIL synchrotron. An Al,O3 crucible was filled with 65 mg (oxy)hy-
droxide powder and placed in the instrument alongside an empty
reference crucible. The oven increased the temperature from 30 °C to
1000 °C in 5 °C /min increments. Once 1000 °C was reached the tem-
perature was maintained for 10 min before cooling back down to 30 °C
at 5 °C /min. This was all done under a flow of dry air (20 mL min’l).

The results from these measurements were used to calculate the loss
of HoO and OH in weight percent (wt%). The loss of HyO was calculated
in comparison to the initial weight of the sample, while the loss of OH
was calculated in comparison to the initial weight minus the weight lost
during dehydration.

2.3. Rare earth element pH-edge adsorption experiments

The pH-edge experiments were performed in 100 mL milliQ water in
which 100 pL of 1 M NaCl, 20 pL of 100 mg L~! REE stock solution
(comprised of the lanthanides, Sc, Y, Th, and U, Inorganic Ventures), and
15 mg of (oxy)hydroxide powder was added. To obtain the pH range,
from 3 to 7 for the goethite series and GaO(OH) and 4.5-7 for the fer-
rihydrite series and AIO(OH), the pH of the suspension was adjusted
with NaOH solutions of 0.1, 0.01, and 0.001 M for pH > 4, and 0.1 M of
HNOs to obtain pH 3. According to stability diagrams of the different
REE, at these concentrations, at pH < 7, and at equilibrium with the
atmosphere, all REE are present in their ionic form. No precipitation
occurs except for the cerium (Ce), which may partly precipitate when
oxidised to its 4+ oxidation state at pH > 6 (Brookins, 1983; Rati€ et al.,
2023).

Each experiment was performed in triplicate. For the crystalline
goethite series, and GaO(OH), the pH was adjusted between the addition
of REE and that of the (oxy)hydroxide. Hereafter, the goethite suspen-
sions were agitated on a shake plate for 48 h with no further pH
monitoring.

For the poorly crystalline ferrihydrite series, and AIO(OH), the (oxy)
hydroxide was added to the solution first and left on the shake plate
overnight, before the REE stock solution was added. Once everything
was in solution the pH was adjusted and the suspensions were agitated
for 48 h, with two pH adjustments in the first 24 h. These adjustments to
the protocol were made, as the pH of the poorly crystalline suspensions
was more unstable and without these pH adjustments the pH at the end
of adsorption would not exceed 5.

After 48 h, the end pH was measured, and a 10 mL sample of the
suspension was taken and filtered using a 0.2 pm cellulose acetate filter
(Sartorius). The filtered samples were acidified using 14.6 N HNO3 and
diluted with 0.37 N HNOs3 to determine the REE concentration with a
Quadrupole ICP-MS (Agilent Technologies 7700 ICP-MS, Université de
Rennes 1) (Tables S4 to S15).
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For the ICP-MS measurements, a conventional calibration procedure
with multi-elemental solutions was used, with the calibration solutions
acidified to 2% nitric acid (HNO3) and concentrations between 0.005
and 2 pg L7l Instrumental drift was corrected, reproducibility was
checked, and the limit of detection and isobaric interferences were
calculated (Davranche et al., 2004). The uncertainties for all trace ele-
ments are below +5%.

2.4. Neodymium adsorption experiments

The neodymium (Nd) adsorption was performed based on the pro-
tocol used in Ratié et al. (2023), using a 200 mL solution of 1 mM L™}
NaCl, 1000 pg L1 of Nd, and 100 mg of (oxy)hydroxide powder. This
change from the pH edge conditions is necessary, to obtain enough
solids to prepare pellets for the XAS measurements, and to obtain a
better signal to allow for good EXAFS fits. For the pure goethite an
additional run was done with 200 pg L™! of Nd, to differentiate the Goe
they will be denoted as 1000-Goe and 200-Goe from here on out. The pH
of solution was adjusted to 7 to ensure high amounts of adsorption, using
the same NaOH solutions used for the pH-edge experiment. According to
the Nd stability diagram Nd is expected to remain soluble in solution,
even at the higher concentrations than the ones used for the pH edge
experiments, at pH = 7 and in equilibrium with the atmosphere. No
precipitate is expected to have formed (Brookins, 1983; Ratié et al.,
2023).

As with the pH-edge experiments the protocol for the ferrihydrite
series and AIO(OH) differs from that for the goethite series and GaO
(OH). For the goethites and GaO(OH), the Nd was added before the pH
was adjusted to 7 and the (oxy)hydroxides were added. For the ferri-
hydrites and AIO(OH) the (oxy)hydroxide was added 24 h before the Nd,
and the pH was adjusted with both in solution.

The subsequent suspensions were agitated on a shake plate for 48 h,
and the pH of the poorly crystalline (oxy)hydroxide suspensions were
adjusted twice during the first 24 h. After agitation, a 10 mL sample of
the suspension was filtered for ICP-MS measurements to determine the
amount of Nd adsorbed. The rest of the suspension was centrifuged for
30 min at 1550g and air dried in the centrifuge tube. Once dry the
precipitate was crushed and stored as a powder.

2.5. Neodymium Ls-edge extended X-ray absorption fine structure
(EXAFS)

The Lz-edge Nd EXAFS was measured on the LUCIA beamline of
SOLEIL synchrotron (Flank et al., 2006; Vantelon et al., 2016), using a Si
(111) double-crystal monochromator. During the measurements the
samples were kept under a secondary vacuum (10~ mbar) and at 80 K
using a He cryostat. The EXAFS measurements were performed on 10
mm diameter pellets made from a homogeneous mixture of 35 mg of
metal (oxy)hydroxide powder and 5 mg of cellulose. The data was ob-
tained in fluorescence mode, using a Bruker 60 mm? mono-element SDD
that was at an angle of 25° in relation to the sample surface. The Nd2O3
reference pellet was prepared as a homogeneous mixture of 3 mg Nd2O3
(Sigma Aldrich) and 32 mg of cellulose and measured in transmission
mode using a Si diode detector.

In the pre-peak region (6100-6190 eV) the spectra were collected
with a step-size and a counting time of 2 eV and 1 s. The edge region
(6190-6270 eV) was scanned with a step size and a counting time of 0.2
eV and 1 s. The EXAFS region (6270-6710 eV) was scanned with a step
size increasing from 0.5 to 2 eV and a counting time of 1 to 3 s. Six to18
spectra were merged for analysis.

The Nd spectra were normalized and extracted using the ATHENA
software (Ravel and Newville, 2005) including the Autbk algorithm
(Rbkg = 1, k-weight = 3). Normalized spectra were obtained by fitting
the pre-edge and post-edge regions with a linear and a quadratic poly-
nomial function, respectively. The Fourier Transform (FT) of the Kk3-
weighted EXAFS spectra was calculated over a range of 2.7-9.5 A~}
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using a Hanning apodization window (window parameter = 1). EXAFS
fitting was performed in the 1.3-4.4 A distance range with the ARTEMIS
(Ravel and Newville, 2005) interface using the IFEFFIT least-squares
refinements. Paths used for fitting were calculated from a NdsFesO12
garnet structure (Komori et al., 2009) using the FEFF6 algorithm
included in the ARTEMIS interface.

The S% and AE parameters were extracted from the fit calculation of
the Nd,Og reference (Fig. S6, Table S16).

3. Results & discussion

3.1. Absence of modification of Fe (oxy)hydroxide phases resulting from
Al and Ga substitution

The diffractogram of goethite (Fig. 1A) is consistent with those found
in literature (Schwertmann and Cornell, 2000). Despite the low rate of
substitution, the introduction of Al in goethite leads to a shift of the
peaks to smaller distances with increasing Al content, as well as an in-
crease in intensity for some of the peaks, similar to observations re-
ported by Liang et al. (2021). The Ga substitution also shifts the peaks
compared to pure Goe, though less pronounced than for the Al-
substitution, while no peak intensity differences were observed. These
results can be related to the difference between the ionic radius of Fe>*
(0.645 A) versus A" (0.535 A) and Ga>" (0.620 A) (Shannon, 1976),
with the greater decrease in ionic radius from Fe>* to AI>* than Fe3" to
Ga3*, having a greater effect on the crystal lattice. This is confirmed by
whole profile pattern matching (Figs. S1-S5), which has shown that the
volume of the unit cell and the a, b, and ¢ parameters decrease with
increasing substitutions of both Al and Ga (Table 2). With the Al
generally causing a larger decrease, except for in the ¢ parameter on
which Al and Ga have the same effect.

The diffractogram of the GaO(OH) (Fig. 1B) demonstrates the for-
mation of a crystalline a-GaO(OH) phase, showing multiple peaks in a
pattern consistent with the XRD results of Tas et al. (2002). On the other
hand, the AlIO(OH) diffractogram (Fig. 1B) shows a nearly flat line with
only two small broad ‘peaks’ due to its poorly crystalline nature and
nano-size.

The diffractograms of the ferrihydrites (Fig. 1C) show two broad
peaks in line with 2-line ferrihydrite diffractograms (Schwertmann and
Cornell, 2000). Both Al and Ga substitution promote peak broadening
and a decrease in intensity, with the Al substitution resulting in the
broadest peaks and the Ga substitution in the lowest intensity peaks.
This was also observed in Al substituted Fh by Cismasu et al. (2012) and
Adra et al. (2016). Neither the Al, nor the Ga, substituted ferrihydrite
diffractograms show additional structures that would reveal the pres-
ence of additional phases. This is in agreement with theoretical Helm-
holtz free energy calculations that show a maximum of 35% Al
substitution in Fh (Guimaraes Jr et al., 2023).

In both the goethite and the ferrihydrite series, the XRD patterns
reveal that Al and Ga enter the structure and no additional phase is
observable.

3.2. Impact of Al and Ga substitution on the structural hydroxyls and
water content

The pHpyc for the goethite series, ranging from 8.3 to 8.6 &+ 0.1, is
not affected by the substitution as previously observed by Liang et al.
(2021) (Table 3). In contrast, the pHpyc of the Al and Ga (oxy)hydroxide
reached 8.7 + 0.1 for GaO(OH), and 9.4 + 0.1 for AIO(OH). The pHpzc
of the pure Fh is the lowest of all the (oxy)hydroxides with pHpzc = 7.9
+ 0.1. All these pHpy values are within the range of the values reported
in the review made by Komulski (Kosmulski, 2018). The increase in
substitution rate increases the pHpyc until 8.8 + 0.1 for Fh35Al. The
lower pHpyc of Fh compared to Goe, as well as the increase of pHpzc with
Al substitution in Fh, was previously observed by several authors and is
within the pHpyc range of 7.6 to 9 for pure up to 24% Al substitution Fh
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Fig. 1. X-Ray Diffractograms of A) the goethite series and C) the ferrihydrite series, measured at the CRISTAL beamline, and B) AIO(OH), and GaO(OH) measured
with a D2-phaser Bruker XRD equipped with a Cu source. In the box in A) the diffractograms are vertically stacked for better visualization; the dotted lines at 16.84

and 17.09° 26 indicate the angular shift.

Table 2
Unit cell parameters for the pure and substituted goethites, obtained through
whole profile pattern matching.

Goe Goe4.5A1 Goe9Al Goe3.5Ga Goe7Ga
a(A) 9.9561 9.9357 9.9204 9.9467 9.9407
b (;\) 3.0230 3.0177 3.0117 3.0222 3.0211
c(A) 4.6130 4.6102 4.6081 4.6096 4.6070
Volume (A% 138.84 138.22 137.68 138.57 138.36

reported (Masue et al., 2007; Cismasu et al., 2013; Namayandeh and
Kabengi, 2019; Liang et al., 2022). According to Liang et al. (2022), the
slight increase of Fh pHpyz with increasing Al content is due to the logKy
difference between Fe—-OH and Al-OH sites. However, note that in our

study the increase in pHpy is not linearly correlated with the increase in
substitution rate.

The DTA curves of the ferrihydrite series (Fig. 2A) show two endo-
thermal reactions, one at 115-130 °C related to dehydration and one
between 325 and 390 °C related to dehydroxylation, and one
exothermal peak related to phase transition (Carta et al., 2009). The
dehydroxylation peak is not visible in the pure Fh data as it coincides
with the positive exothermal peak. As in the XRD patterns, the shift of
the phase transition to higher temperature with higher substitution rates
demonstrates that Al and Ga are incorporated in the ferrihydrite struc-
ture. Meanwhile, the absence of a second exothermal peak around
837 °C for the Al substituted ferrihydrites, or 726 °C for the Ga
substituted ferrihydrites, indicates the absence of secondary AIO(OH) or
GaO(OH) phases.
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Table 3
PH point of zero charge (pHpzc) and specific surface area (SSA), of the pure and
substituted goethite and ferrihydrite, AIO(OH), and GaO(OH).

Goe Goe4.5A1 Goe9Al Goe3.5Ga Goe7Ga Gao
(OH)
PHpse 84+ 83+0.1 8.4 + 8.6 + 0.1 8.5 + 8.7 +
0.1 0.1 0.1 0.1
SSA 37.1 39.6 + 30.7 + 439+ 39.9 + 5.56 +
(m? +0.1 0.1 0.2 0.2 0.2 0.01
gh
Fh Fh20Al Fh35A1  Fh10Ga  Fh20Ga  AIO(OH)
PHpse 7.9 + 8.4 + 8.8 + 83+ 8.6 + 9.4 +
0.1 0.1 0.1 0.1 0.1 0.1
SSA (m? 322+ 308+3 198+4 338+1 284+4 2.63 +
gD 1 0.01

The H0 and OH contents of each phase were calculated from the
thermogravimetric analysis (Fig. 2B) and reported in Table 4. The H,0O
content of the ferrihydrite series ranges from 20 to 28 wt%, with no clear
trend in the effect of substitution on the hydration and the AIO(OH)
contains the highest weight percent of water at 33%. On the contrary,
while the OH content is stable for the Ga substitution at 3.0-3.5 wt%, the
OH increases with the Al substitution rate from 3.5 for Fh to 6, 10, and
27 wt% for Fh20Al, Fh35Al, and AIO(OH) respectively.

3.3. The effect of Al and Ga substitution on the Fe (oxy)hydroxide
morphology, size, and specific surface area

The TEM images of the goethites (Fig. S7A-E) show that the particles
display an acicular shape. The particle size varies from 20 to 150 nm in
width and from 0.1 to 1 pm in length and is consistent with the literature
(Livi et al., 2017). Differences in shape according to amount of substi-
tution in the goethites are negligible. However, the Goe9Al exhibits an
aspect ratio (width-to-length) of 0.2 compared to the aspect ratio of 0.1
of the other goethites. Xu et al. (2019) and Liang et al. (2021) reported a
similar change in aspect ratio of Goe with Al substitution. The SSA of the
goethites vary from 37.1 + 0.1 to 43.9 = 0.2 m? g~!, which is higher
than the Goe9Al SSA of 30.7 + 0.2 m? g~! and above the range of 20-30
m? g’1 described by Schwertmann and Cornell (2000). No relation was
found between the amount of substitution and the variation in SSA.

The GaO(OH) has a more tabular habit and is much larger than the
needles in the goethite series, with an average size of ~300 x 550 nm
(Fig. S7F). This is consistent with its small SSA of 5.56 + 0.01 m? g~}
(Table 3), and with the size and shape observed at room temperature
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when using a hydrothermal synthesis method (Reddy et al., 2015).

The ferrihydrite and AIO(OH) particles (Fig. SSA—F) show aggre-
gates from which individual particles cannot be distinguished. The size
of the aggregates varies from 50 nm to 2.5 pm. AIO(OH) has the smallest
SSA of the (oxy)hydroxides studied, 2.63 + 0.01 m? g™, slightly lower
than the SSA of GaO(OH) (Table 3). The SSA of the ferrihydrites vary
from 198 to 338 m? g2, similar to the 200 to 320 m? g ™! range observed
by Schwertmann and Cornell (2000), and it decreases with the increase
of Al substitution (Table 3). This decrease in SSA with increasing Al
content was also observed by Cismasu et al. (2013) and Gypser et al.
(2018). However, no trend is observed between SSA and Al content by
Namayandeh and Kabengi (2019). The ferrihydrites have the highest
SSA of the studied (oxy)hydroxides, which are about 100, 50, and 10
times higher than the SSA of AIO(OH), GaO(OH), and the goethite series,
respectively.

The PDF measurements of the ferrihydrite series (Fig. 3) show vari-
ations in oscillation amplitude as a function of substitution, with the Ga
substituted ferrihydrites having a greater amplitude and the Al
substituted ferrihydrites a smaller amplitude than the pure phase. This is
the result of atomic mass differences: the heavier the atom, the greater
the amplitude of the signal.

In addition, the amplitude of the oscillations decreases with
increasing r and the oscillations completely disappear at r > 22.5 A for
the pure and Ga substituted ferrihydrite. This attenuation of amplitude
indicates a lack of coherency at greater distances that is common for

Table 4

TG/DTA results of the ferrihydrite series, showing the initial weight, tempera-
ture of the dehydration and dehydroxylation peaks, weight lost after dehydra-
tion and dehydroxylation, and the calculated weight percentage (wt%) of H20
and OH. As there was no clear plateau between the dehydration and dehy-
droxylation reactions in the thermogravimetric data, the weight lost at 300 °C
was chosen as this temperature lies halfway between the two peaks. OH loss was
calculated as the difference between the value at 300 °C and the final plateau.

Initial T mg Wt% T mg Wt%

weight H,0 lost H,0 OH lost OH

(mg) peak H,0 peak OH
Fh 65.9 117.4 16.2 25 378.2% 1.7 3.5
Fh20Al 67.9 119.3 18.9 28 361.6 3.0 6.0
Fh35Al 68.5 131.3 16.6 24 318.1 5.2 10
Fh10Ga 66.8 117.3 16.8 25 357.1 1.7 3.5
Fh20Ga 68.1 124.5 13.9 20 361.4 1.7 3.0
AlO

. 131. 21. 25. 11. 2
(OH) 65.9 31.4 8 33 325.0 9 7

“ value for the exothermal peak occurring at the same temperature as the
dehydroxylation.

B) Ferrihydrite series
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Fig. 2. A) Differential Thermal Analysis (DTA) and B) Thermogravimetric Analysis (TGA) of the ferrihydrite series.
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Fig. 3. PDF result of A) the ferrihydrite series, with B) showing a zoomed in section of the ferrihydrite series to show the distance at which the large overall

oscillation, and thus the coherent domain, disappears.

amorphous material (Bordet, 2015), and a domain of coherency of 22.5
A was previously found for 2d ferrihydrite by Michel et al. (2007).
Contrary to the Ga, Al substitution reduces the domain size to 18.5 A.
Inconsistencies between SSA evolution (Table 3) and particle size
(Fig. 3) can be pointed out for the poorly crystalline series and the AlO
(OH). Fh35Al, which has smaller particle size, should have a larger SSA
than pure Fh. Thereby, according to the TEM images (Fig. S8), AIO(OH)
having the smallest SSA is questionable. Several studies have indicated
that the drying of poorly crystalline (oxy)hydroxides for Ny adsorption
and BET analysis causes the aggregation of the (oxy)hydroxides,
resulting in an underestimation of the true SSA values (Hiemstra et al.,
2019; Johnston et al., 2002; Villalobos and Antelo, 2011). In the ferri-
hydrite series, presuming a density of 3.5 g cm™> and a spherical shape
(Hiemstra, 2013), the SSA values correspond to particle diameters
ranging from 5.05 (Fh and Fh10Ga) to 8.65 nm (Fh35Al). However,
supposing that AIO(OH) and Fh have a similar density, this would mean
that the AIO(OH) particles should have a diameter of 650 nm, which is
much larger than what is observed in the TEM images (Fig. S8).
Furthermore, these particle sizes inferred from the SSA are inconsistent
with the domains of coherency found through PDF measurements
(Fig. 3). The pure and Ga substituted ferrihydrites have a domain of
coherency of 2.25 nm, which is less than half the particle size calculated
from the SSA. Meanwhile, Al substitution decreases the domain of co-
herency, and thus the particle size, to 1.85 nm. This particle size is far

smaller than the one calculated using the SSA, and the decrease in size
with increasing Al content is the opposite of the trend seen with the SSA.
However, the PDF results concur with previous studies of both pure and
substituted Fh (Cismasu et al., 2014; Michel et al., 2007; Hiemstra,
2013, and the PDF particle size is more conform the TEM images
(Fig. S8).

This decrease in particle size as a function of increasing Al content
can also be observed in the TGA results (Fig. 2, Table 4). Hiemstra
(2013) has shown that the water content of nanoparticles is inversely
related to particle size, with smaller particles containing more water.
Therefore, the increase in OH content (from 3 to 10 wt%) in the Al
substituted Fh indicates that the particle size decreases with substitu-
tion. Based on the calculations in Hiemstra (2013), the AIO(OH) parti-
cles (27 wt% OH) should be half the size of the Fh35Al particles.

3.4. Phase and substitution dependency of the pH adsorption edge and the
amount of REE adsorbed

For all (oxy)hydroxides the sum of elements adsorbed is phase and
pH dependent (Fig. 4). The Fh is the only pure (oxy)hydroxide that
reaches total adsorption, which occurs around pH 6.5, and adsorption
capacity decreases along the trend of Fh > AIO(OH) = Goe > GaO(OH)
(Fig. 4A). A similar shift of the pH edge to around 0.5 pH point higher
from Fh to Goe has previously been observed when studying radium and
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uranium adsorption (Sajih et al., 2014; Wang et al., 2021).

The substitution in the goethite has little to no effect on total
adsorption, with only the Goe9Al shifting to slightly higher pH (Fig. 4B).
In the ferrihydrite on the other hand, there is a shift to higher pH of up to
0.5 pH point as a result of substitution. This shift to higher pH increases
with an increase in substitution and is greater for the Al than the Ga,
resulting in the following trend Fh =~ Fh10Ga < Fh20Ga < Fh20Al <
Fh35Al < AIO(OH) (Fig. 4C). In spite of the shift to higher pH, all fer-
rihydrites adsorb nearly 100% of the elements in solution at pH 7.

The variations in the amount of elements adsorbed and in the slope of
the pH adsorption edge, are linked to the amount of complexation sites
available at the surface of the different phases as a function of pH. This is
predominantly linked to the size and SSA of the particles for a given
mass. In the goethite series the low substitution rate (<10%) has little to
no effect on the adsorption capacity, the SSA and size of the substituted
goethites. On the other hand, the GaO(OH) has a lower SSA, is larger,
and has a lower adsorption capacity than the substituted goethites
(Table 3, Fig. S7, Fig. 4).

When taking the ferrihydrites into consideration, the previous sec-
tion has shown that the size of the particles is a more reliable component
than the SSA as the latter is often underestimated. However, the
decrease from Fh > AIO(OH) = Goe > GaO(OH) in both total adsorp-
tion and pH edge position cannot be directly linked to the particle size.
Indeed, although the Fh size is smaller than that of Goe, which in turn is
smaller than GaO(OH), the AIO(OH) particles should be smaller than the
Fh particles, based on their OH content (Table 4), and thus adsorb more.
The same is true for the trend in pH adsorption edge positions of the
ferrihydrite series: Fh =~ Fh10Ga < Fh20Ga < Fh20Al < Fh35 Al < AlO
(OH), which cannot be explained by the variation in particle size A1O
(OH) < Fh35 Al < Fh20Ga = Fh nor by the variation in their pHpzc (Fh
< Fh10Ga =~ Fh20Al < Fh20Ga < Fh35Al < AIO(OH)).

Since the substitution, with both Al and Ga, reduces the ferrihydrite
adsorption capacity with a trend that cannot be explained by size or by
pHpyc variations, there must be another factor impacting the adsorption
capacity. As no steps were taken to dissociate the poorly crystalline
(oxy)hydroxides during the adsorption experiments, the aggregates
could remain partially intact in solution. This could explain the shift in
pH edge. Another explanation could be that substitution, by both Al and

Ga, leads to a decrease in adsorption site density.

3.5. Adsorption complexes formed by REE

The Nd L3-edge EXAFS spectra of Nd adsorbed on all (oxy)hydroxides
are reported in Fig. 5A, along with the fit results. The corresponding
Fourier transform (FT) and the fits are reported in Fig. 5B. The EXAFS
spectra show monotonous oscillations with a maximum amplitude at
5.2 A~! and a shoulder, whose visibility varies across the (oxy)hydrox-
ides, at 6.5 A~1. The corresponding FT show that, for all (oxy)hydrox-
ides, a high intensity first neighbour shell peak occurs at 2.0 A. It is
followed by a less intense second shell neighbour massif in the range of
2.8-3.8 A, and a third neighbour shell from 3.8 to 4.6 A. The first peak of
the FT can be fitted with O neighbours, whose distances can be split
between 2.43 and 2.48 A and 2.59-2.63 A (Table 5). The second
neighbour massif can be fitted with Me (i.e. Fe, Al, or Ga) neighbours at
two distances, 3.04-3.42 A and 3.51-3.72 A, except for the AIO(OH),
whose EXAFS signal can be fitted with a single Nd—Al distance at 3.51 A
(Table 5). These distances found through fitting are in agreement with
literature (Nakada et al., 2013; Ohta et al., 2009). The smallest Nd-Mel
distance can be assigned to the formation of bidentate mononuclear
(BM) complexes, where the Nd is bound to two O of one single metal
octahedra. The second Nd-Me2 distance can be assigned to the forma-
tion of bidentate binuclear (BB) complexes, where the Nd is bound to
two O belonging to two adjacent metal octahedra bound to one another
along their edge. The existence of both complexes at the surface of fer-
rihydrite and goethite has already been demonstrated (Ona-Nguema
et al., 2005; Qin et al., 2021). The third shell of neighbours can be fitted
with O belonging to the structure of the adsorbing (oxy)hydroxide, at
4.24-4.33 A and 4.53-4.60 A.

The EXAFS fit gives the relative amount of BM and BB complexes
formed by Nd on the different (oxy)hydroxides (BM% is N_Fel in %, and
BB% is half N_Fe2 in % in Table 5). The 200-Goe, with the lowest
amount of Nd adsorbed, has the highest amount of BM complexes in
percentage (70%). For the experiments performed with 1000 pgL ™}, the
BM complexes represent between 10 and 30% of all complexes, with the
exception of AlIO(OH) which shows no BM sites (Fig. 6). This result is in
agreement with the literature, where it is shown that various Al (oxy)
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Fig. 5. Nd Lz-edge A) EXAFS, and B) Fourier Transform, with R* distances not corrected from phase shift, for Nd adsorbed on all metal oxyhydroxides. Adsorption
was performed with [Nd] = 1000 pg L1, with the exception of 200 -Goe for which [Nd] = 200 pg L. The solid blue line is for the experimental data and the dotted
red line represents the fit, and the name of the (oxy)hydroxides are displayed on the right with the sequence being the same for both A) and B). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

hydroxides exclusively sorb as BB complexes (Kappen and Webb, 2013;
Xu and Catalano, 2016).

3.6. Impact of substitution on adsorption site availability

3.6.1. Number of adsorption complexes on goethite
The speciation of adsorbed Nd has shown that REE can form two

types of complexes, BM and BB, in varying proportions (Figs. 5 and 6,
Table S17). In goethite the BM complexation sites, located on the (021)
plane at the ‘tip’ of the needle, have a higher affinity for metals than the
more abundant sites on which BB complexes form, located on the (110)
plane on the side of the needle (Fig. S9) (Sherman et al., 2008; Qin et al.,
2021). Thus, the BM complexes dominate adsorption at the start, and
once they are saturated, the adsorption shifts to BB complexation sites.
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Table 5

Nd EXAFS fit results. N is the amount of neighbours, 6> the Debye-Waller factor and R the distance in A. R-factor is a factor of fit quality, the measure of the percentage
misfit between the data and theory. S3 = 1.09, AE = 4.5 eV based on the Nd,O5 reference fit (Fig. $6, Table $16). Constraints applied to the fit parameters are: On the
first shell, N.O1 + N_O2 = 8 (Duvail et al., 2008; Ohta et al., 2009), 62.01 and 6> 02 were set to 0.004. REE was expected to sorb on either one edge of a singular
octahedra and have 1 metal neighbour through bidentate mononuclear (BM) binding, or on corners of two adjacent octahedra and have 2 metal neighbours through
bidentate binuclear (BB) binding (Sherman et al., 2008; Hiemstra and Van Riemsdijk, 2009; Qin et al., 2021). Then the sum of neighbours from the two metal (Me, i.e.
Fe, Al or Ga) distances was set to N.Me1 + (0.5*N_Me2) = 1. N_.O3 + N_O4 = 8, based on the amount of oxygen neighbouring, at this distance, elements adsorbed on
either in BM or BB binding modes. The Deby Waller factors were set to 0.005.

Oxyhydr. NOl1 ROl 6>01  NFel  RFel % Fel NFe2 RFe2 o°Fe2 NO3 RO3 6°03 NO4 RO4 o204 R-

N_02 R_.02 factor
2.45
4.9 +
0.002 4.2 4.25 4.55
1000- + 0.001  0.004* 0.2+ 3.38 3.63 3.8*
. + 1.6* 0.007* + + 0.005* + 0.005*  0.0039
Goe o.Of 2.61 0.004 0.07 +0.02 0.001 +0.02 029 0.0l + o001
3.1% +
0.002
2.45
5.0 +
0.013 4.0 4.26 4.55
200-Goe Oj(:) 4 02'0221 g'gg:* %7(; 26032 + 0.6* i366(7)1 0.007* + + 0.005%  4.0% + 0.005*  0.0073
. ’ ) ’ ’ 0.003 ) 0.29 0.01 0.01
3.0% +
0.002
2.43
4.5 +
. 0.013 4.4 4.25 4.55
Goe9Al oﬁs 02'0202 g‘gg:* %“t; f;)zgz + 1.2% i36631 0.004* + + 0.005*  3.6% + 0.005*  0.0086
’ ’ ’ ) ’ 0.003 : 0.37 0.01 0.02
3.5% +
0.002
2.43
4.4 +
0.002 4.6 4.24 4.54
*
Goe7Ga 0%7 02‘050; g'gg:* %3; i36332 + 1.4* ff(ln 0.005* + + 0.005*  3.4% + 0.005*  0.0049
o ' ) ) ) 0.001 : 0.35 0.01 0.02
3.6* +
0.003
NO1  RO1 6201 NGal RGal o¢2Gal NGa2 RGa2 o¢°Ga2 NO3 RO3 6203 NO4 RO4 6204 R-
N_O02 R_0O2 factor
2.45
5.1 +
0.009 4.1 4.24 4.53
GaO + 0.001  0.004* 0.3+ 3.04 3.61
+ 1.4* 0.007* + + 0.005*  3.9% + 0.005*  0.0050
.
(OH) 0.0? 2.63  0.004 0.04 +0.01 0.003 +0.01 031 0.01 0.01
2.9* +
0.005

Oxyhydr. N.O1 ROl 6201 NFel RFel  o*Fel NFe2 RFe2  o2Fe2 NO3 RO3 ¢°03 NO4 RO4 o204 R-

N_O2 R_02 factor
2.46
4.4+ * 0.002 4.24 4.57
: 0.003  0.004* 0.3+ 3.42 ) 3.64 33+ ) )
Fh 0.17 + 1.4* 0.004* + 0.005% 4.7 + 0.005%  0.0093
36 2.i59 0.004 010  £0.02 oo +0.01 0.79 0.03 0.02
0.004
2.48
5.2+ * 0.012 433 4.60
: 0.001  0.004* 0.1+ 3.26 3.72 ’ 3.4+ ’ )
Fh35Al 0.09 . 0.006*  1.8* + + 0.005*  4.6* + 0.005*  0.0033
5 g 2.21 0.004 012  +£0.05 £0.01 o 0.51 0.01 0.01
0.003
2.48
5.3 + = 0.006 4.26 457
Fh20Ga 0.15 02'06012 g'gg:; %zlj 5633 4 + 1.2* f:g ;0007 3;)2; + 0.005*  4.8* + 0.005*  0.0074
2.7* N : ) ’ 0.002 ) ’ 0.02 0.02
0.005
N.01 RO1 6201 NAIl1 RAll 6ZAll NAI2 RAI2 o62Al2 NO3 RO3 6203 NO4 RO4 204 R
N_O02 R_0O2 factor
2.47
5.2+ = 4.32 4.59
: 0.002  0.004* 3.54 0.003 3.1+ ’ ’
AIO(OH 1 2.0% + .005* 9% + .005* .
O(OH) 0 3 2.63  0.004* 0 +0.01 +0.001  0.70 0.005 4.9 0.005 0.0075
2.8% L 0.02 0.01
0.004

10
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Fig. 6. Ratio of mononuclear (BM) to binuclear (BB) sites occupied by Nd, with
the error bars related to the standard deviation of the number of metal neigh-
bour parameter given by ARTEMIS.

This is confirmed by the EXAFS fits, which show that the ratio between
BM and BB complexation sites shifts from 70:30 to 20:80 from the
200Goe to the 1000Goe (Fig. 6).

Knowing the amount of Nd adsorbed, the SSA of the goethites, and
the percentage of BM complexes formed, it is possible to calculate the
amount of maximum available BM complexing sites per surface unit for
each goethite. When plotting it against the SSA, a clear quadratic
polynomial relationship can be observed, allowing the extrapolation of
the non-measured goethite (Fig. 7). The amount of BM complexes in-
creases with decreasing SSA, thus increasing size. These results are in
agreement with the TEM observations (Fig. S7). With the increase in
particle size of the goethite from the Fe to the Ga end member, the
proportion of the (021) plane at the tip of the needle increases.

Goe series
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Fig. 7. Bidentate mononuclear (BM) sites vs. specific surface area (SSA) of the
crystalline oxyhydroxides. The blue dots were calculated from the EXAFS fit
data and fitted with a trendline. This trendline is described by y = 2.23*10-
4x%-1.83*10-2x + 0.44. From the trendline equation the orange squares were
calculated for the intermediate substitutions (no EXAFS recorded on these
samples). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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3.6.2. Impact of substitution on shape and site availability of ferrihydrite

Since we have demonstrated that the SSA of the ferrihydrite series is
not a reliable metric, the relationship between the amount of BM com-
plexes that can form and the substitution rate in the ferrihydrites will be
assessed per mass of (oxy)hydroxide. Using the results from the pH
adsorption edge to calculate the total amount of elements adsorbed at
pH 6.5, during the pH edge adsorption experiments, the relationship
between the loss in total adsorption and the loss in BM complexes with
substitution is illustrated in Fig. 8A. In this figure the loss in total
adsorption between the Fh and the Fh20Ga falls along the 1:1 trend,
indicating that the loss in total adsorption is directly related to the
decrease in BM complexes formed at the surface.

Hiemstra (2013) described three possible idealized shapes for Fh
(sphere, oblong sphere, and hexagonal cylinder), all of which are
described by non-reactive (001) and (00—1) planes at the top and bot-
tom of the particle and reactive surface described by the (1-10) and
(1-1-1) planes (Fig. 9). With the most plausible shape being the
“spherical” one. The reactive planes contain layers with alternating
terminations allowing for either BM or BB complex formation (Fig. 9B
and C). On the (1-1-1) plane the ratio of BM:BB cannot be modified,
however on the (1-10) plane the BB:BM ratio depends on the crystal
termination of the layer on which BM complexes can form (Fig. 9C).
When the protrusions of iron octahedra are missing, the adsorption sites
allowing for BM complexation are unavailable. Consequently, the
decrease in BM complexes between Fh and Fh20Ga, while maintaining
the particle size and spherical shape, can be explained by the Ga sub-
stitution affecting the crystal termination of the layer containing the BM
complexation sites on the (1-10) plane, limiting the protrusion of iron
octahedra, and thus reducing adsorption site density. The rise in pHpzc
with Ga substitution could then be a consequence of the decrease in BM
complexation sites, as the BM complexes form at lower pH than the BB
complexes.

The Fh35A1 and AIO(OH) do not fall along the 1:1 line of decreasing
adsorption and decreasing BM complexes, nor do they fall along the
same trend line of decrease in total adsorption with increasing pHpyzc
(Fig. 8).

From the Nd EXAFS data fit (Table), and from literature (Kappen and
Webb, 2013; Xu and Catalano, 2016), it is known that the AIO(OH) does
not form any BM adsorption complexes. This can only occur if there are
no (1-1-1) surface planes present at the AIO(OH) surface, as BM
complexation sites cannot be removed from these planes (Hiemstra,
2013). Thus we can hypothesize that the decrease in pHpyc of the Al
substituted ferrihydrites and the AIO(OH), compared to the pure and Ga
substituted ones, is due to the loss of the (1-1-1) surface planes (Fig. 9B).
This would mean the AIO(OH), Fh20Al, and the Fh35Al particles have a
hexagonal cylinder shape, smaller than the sphere proposed for the pure
and Ga substituted ferrihydrite (Hiemstra, 2013). The decrease in
adsorption capacity seen with Al substitution is enhanced by this dif-
ference in shape, as the number of reactive sites is higher on the
spherical compared to the cylindrical particles, 85% and 67% respec-
tively (Hiemstra, 2013). As there is little difference in the pHpzc between
the (1-10) and (1-1-1) surface planes (Hiemstra, 2013), the loss of the (1-
1-1) planes between Fh20Ga and Fh20Al does not modify the overall
pHpzc of the ferrihydrite even though it dramatically alters their
adsorption capacity. The trendline describing the decrease in adsorption
with increasing pHpy of the Al substituted Fh and AIO(OH) runs parallel
to the one of the pure and Ga substituted Fh (Fig. 8B), revealing that the
decrease in total adsorption from Fh20Al to AIO(OH) is also only the
result of a reduction in BM complexation sites through changes in crystal
terminations on the (1-10) plane. Then, as for the Ga substitution, the
pHpzc increases with a decrease in BM complexes because these com-
plexes form at lower pH.

In conclusion, both Ga and Al substitution reduce the amount of BM
complexation sites available at the ferrihydrite surface, however Al
substitution also inhibits the formation of the (1-1-1) plane.
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Fig. 8. Using the pH edge adsorption data to plot A) the difference in adsorption between Fh and Fh20Ga, Fh35Al, and AIO(OH) at pH 6.5 compared to the amount of
BM sites per gram for each phase. With the dark grey line denoting the trend between the data points and the light grey line denoting the 1:1 line. And to plot B) total
adsorption of the poorly crystalline phases at pH 6.5 against pHpzc. In both graphs the orange dot represents the pure Fh, the light and dark blue represent the
Fh10Ga and Fh20Ga, respectively, and the light, middle, and dark pink represent the Fh20Al, Fh35Al, and AIO(OH), respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Idealized ferrihydrite shape figure adjusted from Fig. 7 in Hiemstra et al., 2013. A) idealized Fh shapes and their respective surfaces, B) sorption site
morphology, and C) crystal terminations as found on each type of plane. With the difference in BM complex sorption site variation on the (1-10) plane indicated by
the dashed arrows, the tick mark indicating an available sorption site and the cross an unavailable adsorption site.

4. Conclusion

REE adsorption experiments have been carried out at acidic to near
neutral pH, on a series of goethites and ferrihydrites substituted with Al
or Ga. In addition, REE complexation modes were studied by EXAFS
collected at the Nd Lz-edge. These experiments have shown that REE
adsorption increases with increasing pH, due to the concomitant in-
crease in deprotonation of the surface sorbing sites. At a given pH, the
size of the mineral phase and the adsorption site distribution and density

12

are the factors controlling the quantity of REE adsorbed. The sub-
stitutions in goethite are too low to have a significant impact on the
amount of elements adsorbed. On the contrary, adsorption on ferrihy-
drite decreases with the increasing substitution rate, as the substitution
leads to a decrease in particle shape, size and adsorption site density.
Two types of adsorption sites were shown to exist at the surface of the
studied (oxy)hydroxides, which allow the formation of either BM or BB
complexes. The decrease in adsorption site density with increasing
substitution of Al and Ga in ferrihydrite is linked to a decrease in the
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number of BM complexation sites, through inhibition of the formation of
iron octahedra protrusions at the (1-10) surface planes. In addition,
when it comes to the Al substituted ferrihydrites, a change in particle
shape occurs from the spherical of the pure and Ga substituted Fh to the
cylindrical shape also found for AIO(OH). This change in shape leads to
the loss of the (1-1-1) surface planes, and thus the loss of adsorption
sites for both BB and BM complexes.

By highlighting the essential role of substitution on the adsorption
capacity of ferrihydrite, we offer new perspectives for understanding the
behaviour of REE in environmental systems. In natural surface and
groundwaters, ferrihydrite colloids play a key role in trapping metallic
pollutants, including REE. In this work we have shown that, while
adsorption increases with pH, it is also strongly influenced by structural
modifications in the adsorbent phase related to substitutions which
modify adsorption site density and distribution. Thus, substitutions of Fe
by Al, which is widely available in natural environments, will have a
direct impact on the role of ferrihydrite in trapping REE:

1/ The mobility of REE will be enhanced as the size of the Al-
substituted Fh is smaller. Thus, these particles will have more ability
to remain in suspensions or to be transported in soil or sediment
porosity. Furthermore, the reduction in adsorption site density caused
by Al-substitution will reduce the quantity of REE adsorbed, which
means more REE will remain in solution where they will then be more
mobile.

2/ The bioavailability of REE will be enhanced as the amount of REE
adsorbed by Al-substituted Fh is reduced. A greater quantity of REE in
solution will then be potentially taken up by plants or aquatic organ-
isms, presenting a higher risk of toxic effects (Forsyth et al., 2023;
Lachaux et al., 2022; Le Jean et al., 2023; Revel et al., 2023).

3/ The formed “REE - Al-substituted Fh” complexes will be more
stable over time as Al-substitution have been demonstrated to preserve
Fh from aging phase transformation (Schwertmann et al., 2000) and
either abiotic or biotic reductive dissolution (Masue-Slowey et al.,
2011).
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Appendix A. Supplementary data

Tables S1-3 contain the major elements, trace elements, and REE
present in the synthetic Fe/Al/Ga (oxy)hydroxides. Tables S4-15
contain the parameters and results of the pH adsorption edge experi-
ments for each (oxy)hydroxide, used to calculate the amount of REE
adsorbed for Fig. 3. Table S16 contains the EXAFS fit results of the
Nd,Os3 reference, and Table S17 gives an overview of the results of the
Nd adsorption experiment.

Figs. S1-5 contain the whole profile pattern matching of the goethite
XRD data. Fig. S6 shows the EXAFS and Fourier Transform of the Nd,O3
reference at the L3-edge. Fig. S7 and S8 contain the TEM images of the
(oxy)hydroxides, and Fig. S9 shows the shape, structure, and the
different binding sites on Goe.

The datasets for the XRD and TG/DTA measurements are available
on Mendeley Data under DOI: 10.17632/c7bgzd2z4g.1
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