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Abstract

The adsorption of rare earth elements (REEs) to iron oxides can regulate the mobility of REEs in
the environment and is heavily influenced by water chemistry. This study utilized batch experiments to
examine the adsorption of Nd, Dy, and Yb to goethite under varying pH, electrolyte (type and
concentration), and concentrations of dissolved inorganic carbon and citrate. REE adsorption was strongly
influenced by pH, with an increase from essentially no adsorption at pH 3.0 to nearly complete adsorption
at pH 6.5 and higher. Citrate enhanced the adsorption of REEs at low pH (< 5.0), likely by forming goethite-
REE-citrate ternary surface complexes. However, citrate inhibited the adsorption of REEs at higher pH (>
5.0) by forming aqueous REE-citrate complexes. lonic strength had a small influence on REE adsorption,
and the presence of dissolved inorganic carbon had no discernible effect. Equilibrium adsorption was
interpreted with a triple layer surface complexation model (SCM). The selection of surface complexation
reactions was guided by extended X-ray absorption fine structure spectra. A SCM with a single bidentate
inner-sphere surface complexation reaction for Nd and two inner-sphere surface complexation reactions
(one monodentate and one bidentate reaction) for Dy and Yb effectively simulated adsorption across a
broad range of conditions in the absence of citrate. Accounting for the effects of citrate on REE adsorption
required the addition of up to two ternary REE-citrate-goethite surface complexes. The SCM can enable
predictions of REE transport in subsurface environments that have goethite as an important adsorbent
mineral. This predictive capability could contribute to identifying potential REE sources and facilitating
efficient extraction of REEs.

KEYWORDS: Rare earth elements, goethite, iron oxides, adsorption, surface complexation modeling,

citric acid
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Introduction

Rare earth elements (REEs) are critical resources for technologies underlying energy generation and storage,
communication, transportation, and computing.?> Notable uses include neodymium (Nd) and dysprosium
(Dy) in permanent magnets and ytterbium (Yb) in high-energy lasers.*®> REEs are not rare in terms of
average crustal abundance; however, there are not many concentrated REE deposits.®® The distribution of
REEs in their primary hosts such as carbonatite-, alkaline and peralkaline-, phosphorite-, and iron oxide
copper gold (IOCG)-related deposits has been well documented.”'* Secondary REE deposits, also known
as ion adsorption deposits, formed by weathering processes can retain REEs via adsorption to clay minerals
and iron oxides.”!>"!7 Total REE concentrations are typically 600 to 1000 pg/g but can exceed 3000
ug/g.'>181% These secondary REE deposits are potentially important sources of REEs.?’ They serve as
primary REE reserves in China and are likely to represent undiscovered REE deposits elsewhere,!¢-1821-23
While clays are the dominant adsorbent of ion adsorption REE deposits, ~10% of REE occur
adsorbed to iron oxyhydroxides in these deposits.?* These phases are also important REE adsorbents in
other weathering environments.”>? The adsorption of REEs to iron oxides can be influenced by
environmental factors that include pH, ionic strength, dissolved inorganic carbon (DIC), and organic
ligands. At environmentally relevant pH (3.0-8.0), the dominant aqueous REE species in the absence of
citrate are cations that include REE**, REECO;*, and REEOH?". In the presence of 100 uM citrate, REE-
citrate aqueous complexes are the dominant species. The Specific information for aqueous Nd, Dy, and Yb
speciation is available in Figure S1 in Supporting Information. As with other cationic metal species, the
adsorption of REEs increases with ascending pH. A prior study reported a weak influence of ionic strength
(0.01-0.09 M) on REEs adsorption onto iron oxides.”’” A decrease in the adsorption of lanthanides was
observed when the ionic strength was increased above 0.1 M.?® The mobility of REEs can also be influenced
by carbonate due to the formation of aqueous REE-carbonate complexes. The adsorption of REEs (La, Sm,
Ho, Lu) on goethite was largely unaffected at pH 7.8 when the DIC level increased from no DIC to open to

atmosphere conditions.?” With elevated DIC concentrations from 50 uM to 150 pM, the adsorption of
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lanthanides onto amorphous ferric hydroxide exhibited an initial rise followed by a subsequent decline.*
Organic ligands can affect the adsorption of metals and REEs to iron oxides by (1) forming soluble
complexes, (2) adsorbing to the iron oxide surface and modifying the surface potential, (3) contributing to
ternary surface complex formation, and (4) competing with metals and REEs for adsorption sites. The effect
of organic ligands on REE adsorption is strongly governed by pH.*'3* For example, fulvic acid facilitated
Nd uptake by goethite when the pH was below the point of zero charge (PZC), but Nd-fulvic acid aqueous
complexation suppressed adsorption at pH values above the PZC.3

Surface complexation modeling (SCM) is a reaction-based framework that accounts for both
chemical energetics and electrostatic interactions at the water-solid interface. Previous studies have used
SCM to investigate the adsorption of REEs to hematite, magnetite, and amorphous ferric oxyhydroxides.>*

3¢ The adsorption of REEs was interpreted as inner-sphere monodentate*33

and outer-sphere tetradentate
surface complexation.*®

In the current literature on the adsorption of REEs to various iron oxides, the interaction between
REEs and goethite was limited to simple water chemistry conditions.?”-*® Furthermore, the mechanisms by
which the low molecular weight organic acids affect the adsorption of REEs remained unclear.’!'%%
Understanding the coordination mechanism of REEs with goethite is valuable for understanding the
retention of REEs in ion adsorption deposits and predicting their mobility in the subsurface. New insights
into the coordination characteristics of REEs at the interface with iron oxides might also facilitate the
efficacious extraction of REEs. The primary objectives of this study were to 1) quantify the adsorption
extent of both light and heavy REEs on goethite as a function of water chemistry and 2) elucidate the surface
speciation and binding mechanisms of REEs to goethite. The adsorption behavior of Nd (a light REE), Dy,

and Yb (heavy REEs) was investigated under diverse water chemistry conditions and was interpreted by

using surface complexation modeling and extended X-ray absorption fine structure spectroscopy.
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Materials and Methods

Goethite Synthesis and Characterization

Goethite was synthesized and cleaned according to previously published procedures.*® With stirring,
50 mL of 1 M Fe(NO3)3-9H,O was slowly added into 90 mL of 5 M NaOH. The solution was immediately
diluted to 1 L with deionized water and then maintained at 70 °C for 60 h. After cooling, the suspension
was filtered and washed with deionized water using a vacuum filtration system with a nylon membrane to
remove excess ions from the goethite suspension. The synthesized material was then freeze-dried for
subsequent characterization and adsorption experiments. The identification of the synthetic goethite was
confirmed by X-ray diffraction (Bruker d8 Advance X-ray diffractometer) (Figure S2 in Supporting
Information) and the specific surface area was 24 m?/g as measured by Brunauer—-Emmett-Teller (BET) N,
adsorption. For adsorption experiments, goethite was suspended in deionized water to form a 20 g/L stock

solution, which was kept in polypropylene bottles wrapped in aluminum foil.

Potentiometric Titration

The potentiometric titration of 10 g/L goethite under CO»-free conditions was performed to
determine the equilibrium constants for surface protonation-deprotonation of goethite. The ionic strength
was set at 0.01 M using NaCl. The pH of the suspension was first decreased to 3.0 with HCI and then
gradually increased by using NaOH.
Adsorption Experiments

The adsorption of REEs on goethite was examined over the pH range of 3.0 — 8.0 with 0.5 g/L
goethite. Based on the concentration range of REE in the ion adsorption deposits (600 — 3000 pg/g!'>1%1%)
and the goethite concentration used in this study (0.5 g/L), an environmentally relevant REE concentration
is 300 to 1500 pg/L (approximately 1 — 10 uM). In this study, both low (1 uM) and high (10 uM) REE
loadings were used. Unless specifically mentioned, the experiments were open to the atmosphere and 0.01
41,42

M NaCl was used as the electrolyte. The electrolyte concentration is relevant to groundwater conditions.

Deionized water used for experiments was adjusted to designated pH values (3.0 to 8.0) and then
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equilibrated with air by sparging for 24 h before use. The pH of the water was subsequently readjusted
during the aeration to ensure the desired pH level was sustained. The time after pH readjustment (about 8
h) was assumed to be sufficient for the water to reach equilibrium with atmospheric CO,. NaOH (0.1 M)
and HCI (0.1 M) were used for pH adjustment and would not dramatically affect the ionic strength regarding
the subtle amount of addition. To understand the impact of electrolyte type and concentration on adsorption,
selected experiments were also performed with 0.001 M NaCl and 0.01 M CaCl,. The impact of CO, on
adsorption was evaluated in CO,-free experiments that were conducted in a glove box (Coy Laboratory
Products Inc.) under a nitrogen atmosphere. The gas in the glove box was continuously bubbled through a
10 M KOH solution to remove any CO,.

Citric acid with a loading of 100 uM was applied in order to investigate the influence of citrate as
an environmentally relevant low molecular weight organic ligand. The citrate stock solution was prepared
using citric acid and the pH for individual experiments was adjusted using NaOH and HCI. The
concentration of citrate was selected based on its environmental relevance (0.1-1000 pM).** The
suspension was open to the atmosphere and ionic strength was maintained at 0.01 M with NaCl. During the
experiment, the reactors (polypropylene tubes) were wrapped in aluminum foil to minimize the potential
photocatalytic dissolution of goethite. To understand the impact of citrate on the goethite surface,
electrophoretic mobility measurements by dynamic light scattering (Malvern ZEN 3600 Zetasizer) were
performed to obtain the zeta-potential of 0.5 g/L goethite particles in the presence or absence of 100 pM
citrate.

Additional experiments were performed to assess the maximum adsorption capacity of goethite for
REEs at pH 6 and to examine the competitive adsorption of REEs. The effect of REE loading on adsorption
was examined with 0.5 g/L goethite at pH 6.0 under conditions open to the atmosphere. The concentrations
of added REEs were 1, 5, 10, 25, 50, 100, and 150 uM. The experiment was conducted in duplicate with
respect to each concentration. Competitive adsorption experiments with all three elements in the same
reactor were also performed. The experiments were conducted with 0.5 g/L goethite and two REE loadings

(1 uM and 10 uM of each REE).



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

A control experiment in the absence of goethite was performed to examine the potential loss of
REEs due to precipitation or adsorption to the reactor walls. Another control experiment with 100 pM citric
acid and REEs but no goethite was conducted to observe whether any citrate precipitation occurs with REEs.

The suspensions of all the adsorption experiments were mixed by end-over-end rotation and pH
was readjusted after the reaction for 12 h. After 24 h of equilibration, the pH value of the samples was
recorded. A time series experiment confirmed that the 24 h reaction time is sufficient for adsorption
equilibrium (Figure S3 in Supporting Information). The samples were filtered with 0.22 um PES syringe
filters, diluted 10 times with deionized water, and then acidified with concentrated HNO; to yield preserved
samples with 1% (by mass) HNOs. Dissolved REE concentrations were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer NexION 2000). The detection limit of the Nd, Dy, and
Yb by ICP-MS was approximately 0.5 pg/L. The uncertainty of the concentration of each sample was
calculated from the uncertainty associated with quantification by ICP-MS and the propagation of

uncertainties.**

Extended X-ray absorption fine structure spectroscopy

Extended X-ray absorption fine structure (EXAFS) spectroscopy is an X-ray-based technique that
provides information about the coordination environment at the solid-water interface. Nd and Yb Lir-edge
EXAFS spectra were collected at the Stanford Synchrotron Radiation Lightsource (SLAC National
Accelerator Laboratory, California) on beam lines 4-1 and 11-2. Dy was not studied because of interference
from Fe fluorescence. Samples consisted of 0.5 g/L goethite reacted with 10 uM Nd or Yb in 0.01 M NaCl
at pH 6, yielding adsorption densities of 2000 and 2400 ug/g, respectively, as well as 10 uM Yb in 0.01 M
NaCl and 100 uM citrate at pH 7, corresponding to an adsorption density of 2000 pg/g. These conditions
were selected to replicate pH values observed in the REE accumulation zone of ion adsorption deposits and
to yield spectra observable above background noise.!*?>?* These REE-adsorbed goethite samples were
sealed as wet pastes in Delrin sample holders using Kapton tape. Data were collected using a Canberra 30-
element Ge solid-state detector (beamline 4-1) or a Canberra 100-pixel segmented monolithic Ge solid-

state detector (beamline 11-2). A solution sample consisting of 0.05 M Yb(NOs)3, 0.14 M citric acid, and

7
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0.02 M sodium citrate at pH 3.5 (adjusted using 1 M NaOH) was studies for comparative purposed. A lower
pH was used than for the adsorbed sample to avoid supersaturation of Yb-bearing solids. This sample was
sealed in a polycarbonate sample holder and measured in total fluorescence yield using a PIPS detector.
On both beam lines, the beam energy was selected using a Si (220) double-crystal monochromator,
with the harmonic content reduced by detuning (20-30%) the second monochromator crystal. The collected
EXAFS spectra were processed using SIXpack,*® and subsequent background subtraction and fitting were
performed using LARCH.* Backscattering phase and amplitude functions used in EXAFS fitting were
generated in LARCH using FEFF8L* from the structures of NdFeOs* and YbFeO;.*° The amplitude factor

(S¢?) was fixed at 1.0 during the fitting processes.>!

Surface complexation modeling (SCM)

SCM was applied to interpret the effects of pH, electrolyte, citrate, and carbonate on REE
adsorption. The triple layer model (TLM) was implemented in Visual MINTEQ 3.1.52 TLM describes the
solid-water interface as three layers (surface, beta, and diffuse layers) with different charge densities and
potential profiles.>*® The inner and outer capacitances were set at 0.6 F/m? and 0.2 F/m?, which are
commonly used values for goethite at 0.01 M ionic strength.”® Based on the effect of REE loading on
adsorption, the site density was set at 5.0 sites/nm”. This value falls within the range of site densities
typically employed for goethite in the relevant literature.%%!

The SCM considered both aqueous reactions (Table S1 in Supporting Information) and surface
reactions (Table 2). The equilibrium constants pertaining to the aqueous complexation of REEs with
hydroxides, nitrates, and chlorides were taken from the work of Haas ef al.%> The constants associated with
REE-carbonate and REE-citrate complexation were obtained from the studies by Luo and Byrne®® and the
NIST 46 database,* respectively. The equilibrium constants of auxiliary reactions (i.e., acid-base reactions
of citrate and carbonate) were sourced from the MINTEQ default database.®® The pK, values of goethite
were determined by fitting the potentiometric titration data using TLM. The optimal pK, values were

obtained by minimizing the residual sum of squares between the experimental titration curve and the output

generated by the model. The resulting pKa; (7.1) and pKa2 (11.3) fall within the range reported in previous

8
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studies.*® The reactions for the binding of electrolyte ions (Na*, Ca**, and CI') to goethite (reactions 3 — 7
in Table 2) were determined in previous studies.’**® The constants of these reactions reported in the
previous studies were appropriately converted for inclusion in the modeling platform of this work (see
details in section S1 of the Supporting Information).

The adsorption reactions of citrate to goethite (reactions 8 and 9 in Table 2) were sourced from a
previous study, wherein the adsorption of 100 pM citrate to 2 g/L goethite had been quantified and modeled
using the extended constant-capacitance surface complexation model.” Our study endeavored to assimilate
the aforesaid adsorption reactions into our triple layer model with corresponding reaction constants. To
achieve this objective, the adsorption data from the previous study were modeled by TLM in Visual
MINTEQ, employing the reaction stoichiometry used in the previous study.

The parameters and constants mentioned above were employed in the SCM for subsequent
modeling procedures. Within the Visual MINTEQ software, potential surface complexation reactions for
REEs were examined by fitting adsorption data (expressed as percentage of adsorption). The optimal logK
values were determined by minimizing the residual sum of squares between the experimental adsorption
data and the corresponding model-generated output. To determine the optimal range of logK values, a
forward search was first conducted spanning from -30 to 30, with a step size of 5.00. The constants were
then refined with finer step sizes of 1.00, 0.50, 0.10, and 0.01.

The modeling process started with fitting the experimental data without citric acid. The selection
of adsorbed REE species was guided by EXAFS spectra of samples with adsorbed REEs prepared at pH
6.0 and 0.01 M NaCl ionic strength (see details in the EXFAS results section). The modeling considered
various reactions that differed with respect to their stoichiometry. The goal was to identify candidate
reactions and determine their optimal logK values that could effectively simulate the observed adsorption
edges (data in Figure 1 and Figure 2 a-c) and adsorption data with varying REE loadings (data in Figure 4).
For Nd, one surface complexation reaction was tested at a time. Reaction 10 in Table 2 and reaction S1 in
Table S2 of the Supporting Information each could fit the data in the absence of citrate. We considered
adding another bidentate surface complexation reaction to model the adsorption data, but the inclusion of a

9
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second reaction contributed to at most 8 % of the adsorption. Thus, only one reaction was used to fit the Nd
data in the absence of citrate. For Dy and Yb, two surface complexation reactions (one bidentate and one
monodentate) were involved, and their logK values were optimized simultaneously. Reactions 13 and 14
in Table 2 or reactions S2 and S3 in Table S2 provided fits of the Dy data, whereas reactions 17 and 18 in
Table 2 or reactions S4 and S5 in Table S2 could be used to fit the Yb data.

Once the candidate reactions that could fit the data without citrate were identified, the abilities of
these reactions (Reactions 10, 13, 14, 17, and 18 in Table 2 and reactions S1 — S5 in Table S2 of the
Supporting Information) to fit the data in the presence of citrate were tested. To account for the effect of
citrate in the modeling, we began by including the adsorption reactions of citrate to goethite (specifically,
reactions 8 and 9 in Table 2) together with the goethite-REE binary surface complexation candidate
reactions. The output of the model was then compared to experimental data obtained in the presence of
citrate. Solely considering the binary goethite-REE and goethite-citrate reactions provided poor simulations
of the data (more details are available in the Results and Discussion section). The reactions (reactions S1 —
S5 in Table S2 of the Supporting Information) that led to overestimation of adsorption were excluded from
further consideration. The reactions (reactions 10, 13, 14, 17, and 18 in Table 2) that led to underestimation
pointed to the need to include ternary goethite-REE-citrate surface complexation reactions.

Upon achieving the optimal fit, the predictive capability of the developed model was evaluated by
simulating data of competitive adsorption of Dy, Nd, and Yb (given in terms of percentage of adsorption).
Additionally, the optimized logK values were used to simulate the adsorption data in terms of the

distribution coefficient K4 (equation 1) (in L/kg),

[REE]ads

Ka = gy @

where [REE].s and [REE]4iss are the concentrations of adsorbed and dissolved REE (in M), respectively,

and C; is the concentration of the goethite in suspension (in kg/L).

10
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Results and Discussion

Macroscopic equilibrium adsorption of Nd, Dy, and Yb

The adsorption of Nd, Dy, and Yb was evaluated over the pH range of 3.0 — 8.0. The adsorption of
Nd, Dy, and Yb was strongly affected by pH with an increase from essentially no adsorption at pH 5.0 to
almost complete adsorption at pH 6.5 (Figure 1). The observed trend aligns with the expected behavior for
the adsorption of cationic metal species on goethite.

The effect of electrolyte on adsorption was examined with 0.01 M CaCl,, 0.01 M NaCl, and 0.001
M NaCl under conditions open to the atmosphere. Adsorption was insensitive to the concentration of NaCl
and slightly decreased when 0.01 M CaCl, was used instead of 0.01 M NaCl (Figure 1). The effect of Ca**
can be explained by the competition of Ca>" with REEs for adsorption sites, an effect that was successfully
simulated by the surface complexation model. The insensitivity of adsorption to electrolyte concentration
(ionic strength) provides indirect evidence that inner-sphere complexation is the dominant mechanism of
Nd, Dy, and Yb adsorption. This is because the bonding of these elements to the surface as inner-sphere
complexes is less influenced by ionic strength compared to outer-sphere surface complexes that have water

molecules between the sorbate and the surface.

a b c
@ — 0.01 MNaCl @ =0.01 M NaCl @ —0.01 M NaCl
100F A =+ 0.001 M NaClI 100F A —.0.001 M NaCl 100F A =-0.001 M NaCl
* 0.01MCaCl, [ W ... 0.01MCaCl, I **+0.01 M CaCl
3 80 < 80 S 80
3 3 5
2 60 £ 60f £ 60
2 g I 5
® ® f ®
T 40 T 40 S 40
=z g I g
20 20F 20
0
0 N . 50 6.0 7.0 8.0 0 ! g
pH pH pH

Figure 1. Effect of pH and electrolyte type and concentration on adsorption extents of (a) Nd, (b)
Dy, and (c) Yb on goethite. The concentration of REEs and goethite were 10 uM and 0.5 g/L, respectively.

Experiments were conducted in open to atmosphere conditions. Data are shown as symbols and the output
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of the surface complexation model simulation as lines. The data below 20% adsorption exhibits an
uncertainty ranging from 5% to 22%, and the uncertainty for data above 20% adsorption is 0.5% to 3%.

The adsorption edges with and without DIC were compared in order to assess the effect of carbonate
on adsorption. Similar adsorption edges were observed regardless of the presence of DIC (Figure 2 a-c).
This finding aligns with the results of a prior study, which demonstrated largely unaffected adsorption of
La, Sm, Ho, and Lu to goethite under conditions open to atmosphere and DIC-free.* Based on equilibrium
calculations, the dominant aqueous species in the open to atmosphere conditions was REECO;" at pH 7.0
— 8.0 (Figure S1 in Supporting Information). The REE-carbonate concentration followed the order of
NdCO;">DyCOs* = YbCOs". In the absence of DIC, the dominant species was REEOH?*. While carbonate
could modify the speciation of REEs in the aqueous phase, it would need to be present at a higher
concentration to exert an observable effect on the adsorbed REE species onto iron oxides.

The effect of citric acid on REE adsorption was investigated due to its widespread presence in the
natural environment and as a representative low molecular weight carboxylic acid. A control experiment in
the absence of goethite was conducted and confirmed that no precipitate was formed with 10 uM REEs and
100 uM citric acid in the aqueous phase (Figure S4 in Supporting Information). Divergent effects of citrate
on REE adsorption were observed depending on the pH: at low pH (< 5.0) adsorption increased in the
presence of citrate, while it decreased at higher pH (> 5.0) (Figure 2 d-f). The increased adsorption at low
pH (< 5.0) could potentially be attributed to two dominant factors. First, the reduced surface potential
(Figure S5 in the Supporting Information) might have increased the adsorption of REE cations. Second, a
ternary surface complex involving goethite-REE-citrate might have formed. In this study, ternary surface
complexation was found to play a crucial role in accounting for the effect of citrate. Similarly, such ternary
iron oxide-REE-organic ligand surface complexes were also observed in systems involving ferrihydrite and
humate at pH 5.2.°® For the inhibited adsorption at high pH, the formation of soluble REE-citrate complexes
lowered the activity of available REE cations for adsorption. As the pH increases, the formation of aqueous
complexes by organic ligands becomes more prominent.>*> A comprehensive discussion of the effect of
citrate is included in the surface complexation modeling section below.
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Figure 2. Effect of (a-c) DIC and (d-f) citrate on the adsorption of (a and d) Nd, (b and ¢) Dy, and
(c and f) Yb on goethite. The loading of each REE was 10 uM and the goethite concentration was 0.5 g/L.
NaCl (0.01M) was used as the electrolyte for all experiments. In a-c, “Open” indicates that the system was
equilibrated with atmospheric CO, and “DIC-free” indicates that experiments were conducted in a CO,-
free environment. In d-f, the total citrate concentration was 100 uM and the experiment was conducted in
open to atmosphere conditions. Data are shown as symbols and the output of the surface complexation
model simulation as lines. In a-c, the model outputs for both open (black line) and DIC-free (blue line)
conditions overlap. In d-f, the pink and black solid lines represent total adsorbed REEs with and without
citrate, respectively. Dashed lines represent individual adsorbed REE species in the presence of citrate. The
data below 20% adsorption exhibits an uncertainty ranging from 5% to 22%, and the uncertainty for data

above 20% adsorption is 0.5% to 3%.
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Competitive adsorption experiments using 0.5 g/L goethite with Nd, Dy, and Yb all present in the
same batch reactors were performed to assess the relative adsorption strength among the three REEs. Two
adsorption experiments with different REE loadings were performed. In the first experiment, the
concentration of each REE was set at 1 uM, while the second experiment involved a higher loading, with a
concentration of 10 uM for each individual element. The percent of adsorption of Nd, Dy, and Yb was
similar to each other when they were in the same batch or in separate batches (Figure 3). This indicates that
the affinity of Nd, Dy, and YD to goethite are similar. The adsorption of each REE decreased when the total
REEs loading was 30 uM (10 pM for each element). Although the adsorption sites are not saturated (total
site concentration is 99.6 uM based on SCM calculation), the competition between H" and REE species
means that not all surface =FeOH sites can adsorb REE species below pH 6.5. For this situation, the
adsorption extent of all three REEs decreased to comparable extents. Prior studies have indicated that the
adsorption of REEs on iron oxide surfaces follows the tetrad effect pattern, wherein the REEs from La and
Lu are subdivided into four groups, the adsorption within each group exhibiting a concave-upward
trend.3#%*""! Although variations in adsorption affinity can be found among the REEs, especially within
each tetrad effect group, iron oxides (hematite, goethite, and ferrihydrite) display similar adsorption
affinities towards the three specific elements (Nd, Dy, and Yb) studied in this work.?#376%70 The partitioning
of REEs to the iron oxide surface is independent of atomic radius, but it is influenced by their electron

configuration and the complexation with hydroxyl groups on the iron oxide surface.’*7*"!
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Figure 3. Adsorption extents of REEs on goethite in same and separate batches at (a) 1 uM loading

and (b) 10 uM loading of each REE. The solid markers (ANd Il Dy @Yb) represent results in separate
single-sorbate batch experiments and open markers (A Nd [] Dy O Yb) show the results of REE adsorption

in the multi-sorbate batch experiments. The goethite concentration was 0.5 g/L and the electrolyte was 0.01
M NaCl. The experiments were open to the atmosphere. The model outputs for the experimental data are
provided in Figure S6 of the Supporting Information. The data below 20% adsorption exhibits an

uncertainty ranging from 5% to 22%, and the uncertainty for data above 20% adsorption is 0.5% to 3%.

Although similar adsorption affinity was observed for Nd, Dy, and Yb, the maximum adsorption
capacity of goethite for Nd was approximately half that for Dy and Yb at pH 6 (Figure 4). With a similar
amount of REE adsorbed (Figure 3), adsorbed Dy and Yb occupied fewer sites than Nd did (Figure 4). This
suggests that surface complexes with lower denticity were present when Dy and Yb adsorbed to goethite
as compared to Nd. This finding is consistent with the EXAFS results that indicated that Nd formed only
bidentate surface complexes, while Yb formed both monodentate and bidentate surface complexes when

adsorbed to goethite (details in the EXAFS section).
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Figure 4. Effect of REE loadings on adsorption at pH 6 under open to atmosphere conditions. The goethite
concentration was 0.5 g/L, and the electrolyte was 0.01 M NaCl. Error bars represent + one standard
deviation from duplicate experiments. Data were shown as symbols and the lines are chemical equilibrium

calculations from application of the surface complexation model.

The control experiment in the absence of goethite confirmed that there was no loss of REEs due to
the adsorption to the walls of the reactor (15-mL polypropylene tubes), since approximately 100% of added
REEs remained in solution after 24-h equilibration at pH 6.0 (Figure S7 in Supporting Information).
However, the results of these goethite-free control experiments indicate the precipitation of REEs occurred
above pH 6.0. This agrees with equilibrium solubility calculations in which REE(OH); and REE»(CO3)s
were considered (Figure S8 in Supporting Information). The predicted equilibrium precipitates were
Nd2(COs3)3, Dy(OH)s, and Yb(OH);. Therefore, in the adsorption experiments, the REE solutions were
added drop by drop (about 1.5 uM REE added each time) at pH above 6.0. by limiting the transient
maximum dissolved concentration of added REEs before adsorption would occur and lowering the

remaining dissolved concentration.
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Extended X-ray Absorption Fine Structure Spectroscopy

Potential adsorption mechanisms of Nd and Yb on goethite were evaluated using EXAFS
spectroscopy. Nd adsorbed to goethite displays a dominant first shell feature in the Fourier transform
spectrum near ~2.1 A with a possible weak second-shell features out to ~3.6 A (Figure 5). Structural model
refinement identifies a first coordination shell consisting of 8.9+0.6 oxygen atoms at 2.50 A (Table 1).
These values are similar to the first coordination shell parameters for dissolved Nd** °! and to a Nd outer-
sphere complex on ferrihydrite.”” This indicates that binding to the goethite surface only weakly perturbs
the first coordination shell of Nd(III). The second shell features could be well described by a mixture of
edge-sharing bidentate complexes with a Nd-Fe distance of 3.19 A and corner-sharing bidentate complexes
with a distance of 3.75 A (Table 1). These occur in approximately equal proportions; a corner-sharing
complex connects to two adjacent iron octahedra and thus has a coordination number twice that of an edge-
sharing complex bound to a single iron octahedron. Attempts to include a monodentate species were
unsuccessful, always resulting in a coordination number of zero. Prior work identified a bidentate
coordination geometry to iron octahedra on the surface of ferrihydrite for Sm at pH 6.5 and 8, but found no

evidence of inner-sphere coordination for Nd at the same pH values.”
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Table 1: Structural model fitting parameters for the EXAFS spectra of Nd and Yb adsorbed to goethite and aqueous Yb-citrate.

Sample Path CN R (A) o’ (A? AEo (V) | So* | R-factor | V/NIDP | 2 Rrange | k range
10 uMNd, 500 |Nd-O  [89+0.6 | 2.496:+0.006 | 0.010+ 0.001
mg/L goethite, 10 | Nd-Fel | 0.5+0.1 | 3.188+0.024 | 0.008+0.002 | 6.6+0.6 | 1.0 [0.007 |8/148 |0.038 | 1.2-4 3-10.75
mM NaCl (pH 6) | Nd-Fe2 | 1.0° 3.755 % 0.020 | 0.008°
Yb-O  [84+0.6 | 2.307+0.006 | 0.010=0.001
10 uM Yb, 500
. Yb-Fel |04+02 [2.831+0.025 | 0.007+0.004
$1gv/[LNi%elt}(nt§I, é)o tFo To03z00 343620012 10007 3607 [ 1.0 | 0004 | 10157 |123 |12-45 |[3-10
P Yb-Fe3 | 0.5 4.254+0.053 | 0.007"
10 uM Yb, 500
mg/L goethite, |y 177007 230140008 | 000940001 |26+10 |10 |0.008 |4902 [048 | 123 3-10
citrate, 10 mM
NaCl (pH 7)
Aqueous Yb- Yb-O | 89+0.6 |2309+0.005 | 0.0078+0.0007 | 5.2+0.8 | 1.0 | 0.010 | 4/12.1 | 0508 |1.3-3 3-13.25
citrate (pH 3.5)

CN denotes coordination numbers; R denotes the atomic distance; o* denotes the Debye-Waller factor; Eo denotes the shift in energy from the
calculated Fermi level; So? denotes the amplitude factor; y,* denotes the reduced y squared value; R-factor describes the “goodness of fit”; V is the
number of variables; NIDP is the number of independent points.

“Nd-Fel corresponds to an edge-sharing bidentate complex, with one Fe neighbor per adsorbed Nd atom, and Nd-Fe2 to a corner-sharing bidentate
complex, with two Fe neighbors per adsorbed Nd atom. The fitting model assumed that all adsorbed Nd was distributed among these two types of
complexes. This was added as a fitting constraint by requiring that the coordination number of Nd-Fel plus one-half of the coordination number of
Nd-Fe2 sum to 1. These fitting paths were also constrained to have identical 6 values to decrease parameter correlations.

» Yb-Fel corresponds to an edge-sharing bidentate complex, with one Fe neighbor per adsorbed Yb atom, Yb-Fe2 to a corner-sharing bidentate
complex, with two Fe neighbors per adsorbed Nd atom, and Yb-Fe3 to a monodentate complex, with one Fe neighbor per adsorbed Yb atom. The
fitting model assumed that all adsorbed Yb was distributed among these three types of complexes. This was added as a fitting constraint by requiring
that the coordination numbers for Yb-Fel and Yb-Fe3 plus one-half of the value for Yb-Fe2 equaled 1. The three Yb-Fe paths were also constrained

to have identical 6 values to decrease parameter correlations.
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Figure 5. Data (black solid lines) and structural model fits (red dashed lines) for the Nd and Yb k3-weighted
EXAFS spectra (left) as well as the corresponding Fourier transform magnitudes (center), and real
component of the Fourier transforms (right). Spectra are reported for (a) Nd adsorbed goethite at pH 6.0,
(b) Yb adsorbed goethite at pH 6.0, (c) Yb-citrate adsorbed goethite at pH 7.0, and (d) an aqueous Yb-

citrate complex. Fitting parameters are reported in Table 1.

Yb adsorbed to goethite at pH 6 was coordinated to 8.4+0.6 oxygen neighbors at 2.31 A (Table 1),
similar to previous observations for dissolved Yb** and an inner-sphere Yb complex on ferrihydrite.’'’* A
structural model consisting of a mixture of edge-sharing bidentate, corner-sharing bidentate, and
monodentate coordination to an iron octahedral reproduced the data well (Figure 5), yielding Yb-Fe
interatomic distances of 2.83 A, 3.44 A, and 4.25 A, respectively (Table 1). The edge- and corner-sharing
Yb-Fe interatomic distances are 0.32 to 0.36 A shorter than corresponding distances for adsorbed Nd.
Approximately 0.19 A of this difference can be attributed to the shorter Yb-O distance (Table 1), consistent
with the smaller ionic radius of 8-coordinated Yb(III) compared to 9-coordinated Nd(III).” The remainder
of these differences in interatomic distance may result from limitations on lateral relaxation of oxygen
surface functional group positions, creating smaller O-Nd-O angles that push this adsorbate further from
Fe atoms in surface octahedra. Distinct distortions in these octahedra after Yb versus Nd adsorption or

binding of Nd to functional groups with longer Fe-O bonds than Yb may also be responsible.
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As for Nd, determining the distribution of adsorbed Yb in different surface binding configurations
identified in the EXAFS fitting results (Table 1) requires accounting for the number of Fe neighbors for
each complex. Corner-sharing bidentate complexes have two iron neighbors while the other two complex
types each would have one. After accounting for these differences, the fitted coordination numbers (Table
1) indicate that about half of the adsorbed Yb occurs as monodentate species and half as bidentate species.
Note that fitting uncertainties yield a precision in the percentage of each species of approximately £20%.
In addition, the quantification of bidentate versus monodentate species may potentially be affected by the
assumptions in our fitting model, which included assumptions that all Yb occurred as inner-sphere
complexes and all Yb-Fe scattering paths had the same o? values. These assumptions were necessary to
model the data because of parameter correlations but may introduce systematic errors that affect the
accuracy of the relative abundance of species.

The effect of citrate on Yb coordination with goethite was examined by EXAFS analysis of a
sample prepared at pH 7 (Figure 5); citrate inhibits adsorption at lower pH (Figure 2), rendering EXAFS
spectra unmeasurable because of the low Yb coverage. The first coordination shell changed little compared
to the citrate-free sample at pH 6, with 7.7+0.7 oxygen neighbors at 2.30 A (Table 1). While the spectrum
appears to have substantial second-shell features (Figure 5), these are artifacts of the high noise level in the
data, with features of similar amplitude extending out to high-R (Figure S9 in Supporting Information). An
iron shell was not included in the final structural model (Table 1) because noise features dominate over real
spectral components. In addition, an aqueous Yb-citrate complex also has second-shell features (Figure 5),
likely from distal carbon and oxygen atoms from the coordinating citrate. Further, the Yb-O coordination
in the citrate complex is not statistically-distinguishable from aqueous Yb*" *! or Yb adsorbed in the absence
of citrate (Table 1), although it has a slightly more intense feature at ~8690 eV in the XANES spectrum
(Figure S10 in Supporting Information). Unambiguous determination of Yb coordination to the goethite

surface in the presence of citrate is thus difficult to achieve, even if the spectrum had less noise.
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Interpretation of Nd, Dy, and Yb adsorption using surface complexation modeling

A surface complexation model was implemented to describe Nd, Dy, and Yb adsorption to goethite
as a function of water chemistry. The model sought to account for the effects of pH, electrolyte, DIC, and
citric acid on adsorption.

The equilibrium constants (pKa values) for surface protonation-deprotonation were determined by
fitting the potentiometric titration data (Figure S11 in Supporting Information). The obtained pK, values
were then used in modeling the REE adsorption data. The model also used the aqueous reactions provided
in Table S1 of Supporting Information. The optimal fitting was achieved using the reactions in Table 2, and
the logK values were obtained by minimizing the residual sum of squares error between the model output
and the experimental data (expressed as percent of adsorption). The choice of REE surface complexation
reactions was guided by the EXAFS results. Our model could successfully simulate adsorption over a broad
range of conditions. In the absence of citrate (Figure 1 and Figure 2 a-c), one inner-sphere bidentate Nd
surface complex could adequately fit the data. For Dy and Yb, the model incorporated an inner-sphere
monodentate complex and an inner-sphere bidentate complex. According to the model, the proportion of
monodentate and bidentate species at pH 6.0 with 0.01 M NaCl was 70% monodentate and 30% bidentate
for Dy, and 45% monodentate and 55% bidentate for Yb, which is in good agreement with the proportions
of Yb at this pH (50+20% monodentate and bidentate) suggested by the EXAFS results. Detailed simulated
model speciation of adsorbed Dy and Yb is provided in Figure S12 in Supporting Information. In a previous
study, the adsorbed Yb species to magnetite and hematite was described as an outer-sphere hydrolyzed

tetradentate surface species, (=FeOH)y(=FeO),--Yb(OH),".*° This conclusion was drawn based on X-ray

analysis of yttrium adsorption onto rutile.”” However, our suggested Yb surface species on goethite are
drawn from agreement of the surface complexation model and EXAFS spectra interpretation for samples
of Yb on goethite.

Surface complexes with different extents of hydroxide complexation of the REE were considered

during the fitting processes. In addition to the surface species reported in Table 2 (reactions 10, 13, 14, 17,
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and 18), we also identified other reactions (listed in Table S2 of Supporting Information) that could fit the
data in the absence of citrate and had been used in previous studies.’* Specifically, reaction S1 could
independently fit the Nd data, reactions S2 and S3 and reactions S4 and S5 in Table S2 could fit the Dy and
Yb data (without citrate), respectively. However, when we attempted to account for the effects of citrate by
including the adsorption of citrate to goethite (reactions 8 and 9 in Table 2), reactions in Table S2 tended
to overestimate adsorption at high pH values (> 7.0), indicating their inability to accurately account for the
inhibitory effect of REE-citrate aqueous complexes on adsorption. Consequently, these reactions (reactions
S1-S5 in Table S2 of the Supporting Information) were excluded from the SCM. Instead, reactions 10, 13,
14, 17, and 18 in Table 2 were employed for modeling, as they exhibited better alignment with the

experimental data, especially at high pH (>7.0) in the presence of citrate.

Table 2: Surface reactions used for the model. Kin is the intrinsic equilibrium constant using mole fraction
as the standard state. For monodentate reactions, these values are the same, but there is an adjustment made

for incorporating a multidentate surface complex into Visual MINTEQ.

Reaction Log Kix Source

Surface protonation-deprotonation®

I | =FeOH," = =FeOH + H* -7.10

This work

2 | =FeOH = =FeO + H' -11.30
Electrolyte binding®

3 | =FeOH + H' + CI' 2 =FeOH,"--CI 9.46

Lumsdon et al.*®

4 | =FeOH + Na'" = =FeO--Na* + H" -8.64

5 | =FeOH + Ca?" + H,0 = =FeO--CaOH" + 2H* -15.46

6 | 4=FeOH + Ca?* = (=FeOH),(=FeO),--Ca2 + 2H* -12.75 Sverjen§6kY etal.

7 | 4=FeOH + Ca*" + H,0 = (=FeOH),(=FeO-),--CaOH" + 2H* 22.75
Citrate adsorption®

8 | =FeOH + 2H" + Cit* = =FeHCit + H,0 1835 | Lackovic ef al.s’
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9 | 2=FeOH + 2H" + Cit* = (=FeOH)(=FeOH,")--Cit* + H,0 13.59
Nd adsorption®
10 | 2=FeOH + Nd** + 2H,0 = (=Fe0),Nd(OH), + 4H" -20.97
11| =FeOH + H' + Cit* + Nd** = =FeOH,NdCit" 20.33 This work
12 | =FcOH + Cit* + Nd** = =FeOHNdCit 14.40
Dy adsorption?
13 | =FeOH + Dy** + 3H,0 = =FeODy(OH)s + 4H* -20.48
14 1 2=FeOH + Dy** + 2H,0 = (=Fe0),Dy(OH), + 4H* -20.70
This work
15 | =FeOH + H* + Cit* + Dy*" 2 =FeOH,DyCit" 20.09
16 | =FeOH + Cit* + Dy*" = =FeOHDyCit 13.77
Yb adsorption®
17 | =FcOH + Yb** + 3H,0 = =FeOYb(OH)s" + 4H" -20.20
18 | 2=FeOH + Yb*" + 2H,0 = (=Fc0),Yb(OH), + 4H" -19.92 This work
19 | =FcOH + Cit* + Yb** = =FeOHYbCit 14.21

2 Obtained by fitting the potentiometric titration curve using SCM.

®To incorporate the constants obtained from other references, which have different solid concentrations,
site densities, and specific surface areas compared to the present study, a conversion process was employed.
Details are available in Section S1 of Supporting Information.

¢ Obtained by fitting the data from Lackovic et al.

4 Obtained by fitting the adsorption edges and isotherms using SCM.

¢ Kint represents the intrinsic equilibrium constants that mass action equations are expressed on a mole

fraction basis.

The surface complexation modeling approach accounts for multiple effects of citrate
simultaneously. These are adsorption of citrate to goethite, REE-citrate aqueous complexation, and the

adsorption of REE-citrate complexes to goethite (goethite-REE-citrate ternary surface complexation). The
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contributions of both chemical and electrostatic interactions are included. Our modeling procedure started
with binary citrate-goethite (reactions 8 and 9 in Table 2) and REE-goethite adsorption reactions (reactions
10, 13, 14, 17, and 18 in Table 2). However, this model using just binary adsorption reactions
underestimated adsorption when the pH was below 7.0 (Figure S13 in Supporting Information). The
underestimation pointed to the need to include ternary goethite-REE-citrate adsorption reactions. After
testing several possible ternary adsorption reactions, we found that including the =FeOHREEC:it species
could increase the fit of the model for the range of pH 5.0 — 7.0 (~80% decrease in the sum of squares error).

To account for the impact of citrate at pH below 5.0, another ternary species, =FeOH,REECit", was needed

(further ~15% decrease in the sum of squares error) (Figure 2 d-f). The overall model, which includes
aqueous and surface complexes, also indicated that the decreased adsorption of REEs at high pH can be
attributed to the formation of REE-citrate aqueous complexes.

The SCM was also used to fit the adsorption data with varying REE loadings (Figure 4). Our model
captures the trend of the data as well as the magnitude of the maximum adsorption capacity. The model
output shows that the maximum adsorption capacities of Dy and Yb are about twice as large as that of Nd,
which occurs because of the inclusion of only bidentate surface complex for Nd and both monodentate and
bidentate surface complexes for Dy and Yb.

Our initial efforts employed a double layer model (DLM) to simulate the adsorption data, which
exhibited relatively simpler characteristics compared to the triple layer model. However, the assumption of
a uniform potential between the surface plane and beta plane in the DLM resulted in poor agreement
between the model and the experimental data, particularly with goethite at low pH.*° As a result, the TLM
was chosen for this study due to its improved ability to elucidate the surface potential distribution more
effectively.

After deriving optimized logK values through the fitting of adsorption data, we assessed the
predictive capacity of our model by applying it to predict the results of competitive adsorption experiments.

Our model exhibited reasonable simulations for adsorbed REEs both in single-sorbate and multi-sorbate
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experiments (Figure S6 in the Supporting Information). As previously mentioned, the adsorption of three
REESs decreased when their individual loadings were 10 uM and they were combined in the same batch, as
compared to being in separate batches. This decrease in adsorption can be attributed to the insufficiency of
available sites to accommodate the total REE loading of 30 uM. The observed decrease in adsorption was
effectively captured by our model output, thereby supporting our estimation of the site concentration (5.0
sites/nm?).

Besides the percentage of adsorption, the adsorption affinity could also be expressed as the
distribution coefficient Kq. The obtained logK values from fitting the percentage of adsorption were also
applied to calculate the logKy (Figure S14 in Supporting Information). The SCM output in the form of
logKg agreed with the experimental data in the range of logKq from 2.0 to 6.0. Data points outside this range
correspond to the percentage of adsorption below 5% or above 99.8% adsorption. Data has a logKy below
2.0 and greater than 6.0 could not be accurately simulated because of the uncertainty in determining the
difference between the total and equilibrium dissolved concentrations and the detection limit of ICP-MS,
respectively.

This study enhanced the understanding of the impact of water chemistry on the REEs retention by
ion adsorption deposits. The insights from the SCM may also offer a reference for predicting the fate of
other trivalent containments at the water-iron oxide interface. An understanding of the coordination
characteristics of REEs at the interface with iron oxides would also facilitate the efficacious extraction of

REEs.

Conclusions

The adsorption of Nd, Dy, and Yb to gothite was investigated under a broad range of water
chemistry conditions. Adsorption increased from essentially no adsorption below pH 5.0 to nearly complete
adsorption above pH 6.5. Citrate enhanced the adsorption of REEs at low pH (< 5.0), likely by forming

goethite-REE-citrate ternary complexes. However, it inhibited the adsorption of REEs at higher pH (> 5.0)
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by forming aqueous REE-citrate complexes. The presence of Ca** slightly inhibited the adsorption of REEs.
Ionic strength exhibited a small influence on REEs adsorption, and dissolved inorganic carbon had no
discernible effect on REEs adsorption. While the adsorption affinity of Nd, Dy, and Yb for goethite are
similar, Dy and Yb exhibited a higher adsorption capacity than Nd. This together with EXAFS results
suggests that Nd has bidentate coordination to the goethite surface while adsorbed Dy and Yb also involved
monodentate surface complexes. A surface complexation model with an inner-sphere bidentate surface
complex for Nd and two inner-sphere surface complexation reactions (one bidentate and one monodentate)
for Dy and Yb could simulate the data for each REE studied without citric acid. To account for the effects
of citrate on adsorption, two additional ternary goethite-REE-citrate adsorption reactions were included to
account for the increase in adsorption below pH 5.0 that is induced by the presence of citrate. The ternary
surface complexes were only important below pH 5.0, and the model successfully predicted the lower
adsorption in the presence of citrate above pH 5.0 that was caused by the formation of soluble aqueous
REE-citrate complexes. The adsorption of REEs is notably influenced by water chemistry, particularly pH,
which can serve as an indicator of potential REE accumulation alongside secondary minerals formed during
weathering. Organic acids, commonly associated with weathering processes, do not always impede REE

uptake by iron oxides. At low pH (<5.0), organic acids may even enhance REE adsorption by iron oxides.

Associated Content

Supporting Information

The Supporting Information is available free of charge at xxxxx.

Procedures for implementing surface reactions. Full set of aqueous reactions considered along with
calculated aqueous speciation and equilibrium solubility of Nd, Dy, and Yb. Additional surface
complexation modeling information that includes binary-goethite-REE reactions, predictions of
competitive REE adsorption, speciation of adsorbed Dy and Yb, and fitting of adsorption data on the basis

of distribution coefficients. XANES spectra for Nd and Yb. X-ray diffraction and zeta-potential
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characterization of the goethite. Results of time series adsorption experiments and control experiments to

assess potential precipitation and in the absence of goethite. Potentiometric titrations of goethite.
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Section S1. Procedures of constants conversion for electrolyte binding reactions.

The electrolyte binding reactions (Reactions 3 — 7 in Table 1) in this study were sourced
from previous studies in which the equilibrium constants were expressed as molarity-based
equilibrium constants (K°). However, K° values of surface complexation reactions are influenced
by site density, surface area, and solid concentration.! In order to use the constants from other
studies where these parameters differ from those in this study, a conversion of K° to sorbent-
independent intrinsic equilibrium constant (K®) was applied using equation S1.23 Subsequently,
the K° values used in this study were then calculated from K° according to the specific site density,
surface area, and solid concentration.

o ((N1AD™\ o [(N242)™\ .4
Ki <W> Csi ™ =K (W) Csz (S1)
In equation S1 N* and A" are the reference site density (N* = 10 x 10'® sites/m?) and specific
surface area (A" = 10 m%/g), N is site density (sites/m?), A is specific surface area (m*/g), C; is
solid concentration (g/L), and n is denticity (i.e., n = 1 for monodentate surface complexes).
Subscripts "1" and "2" denote parameters derived from two different studies.

For bidentate and multi-dentate adsorption reactions (reactions 6 and 7 in Table 1), mass
action equations should be expressed on a mole fraction basis instead of a molar basis. This issue
has been reviewed by Wang and Giammar.' The input of logKs in Visual MINTEQ 3.1 are intrinsic
equilibrium constants (Kixn), which use mole fraction to be the activity of surface species.* The
molarity-based constants (K°) for reactions 6 and 7 were converted into Kin by equation S2° in
order to be inputted into Visual MINTEQL 3.1 to be used correctly for equilibrium speciation

calculations.

CSNA)""l 52)

In equation S2 Kin is the mole fraction-based equilibrium constant, Ko is the molarity-based

equilibrium constant, and N is Avogadro’s number (6.023 x 10%* #/mol)

S3



Table S1: Aqueous reactions used in equilibrium modeling.

Reaction Log K
Neodymium hydroxyl complexes?

Nd*" + H,0 = NdOH*" + H' -8.16
Nd** + 2H,0 = Nd(OH)," + 2H" -17.04
Nd** + 3H,0 = Nd(OH); + 3H" -26.41
Nd*" + 4H,0 = Nd(OH)4 + 4H" -37.10
2Nd*" + 2H,0 = Nd2(OH)," + 2H" -13.89
Neodymium carbonate complexes®

Nd** + COs? = NdCO;* 7.63
Nd** +2C05?% = Nd(CO3)2 12.17
Nd** + H + CO3” = NdHCOs** 12.61
Neodymium nitrate complexes?

Nd** + NOs™ = NdNOs ™2 0.79
Neodymium chloride complexes?®

Nd*" + CI' 2 NdCI*? 0.32
Nd** + CI' = NdCL,* 0.02
Nd** + CI' 2 NdCls -0.34
Nd** + CI' = NdCly -0.74
Neodymium citrate complexes®

Nd** + Cit® = NdCit 9.51
Dysprosium hydroxyl complexes®

Dy** + H,O = DyOH*" + H' -7.59
Dy*" + 4H,0 = Dy(OH)4 + 4H" -33.5
Dy*" + 2H,0 = Dy(OH)," + 2H" -16.1
Dy*" + 3H,0 = Dy(OH); + 3H" -24.4
Dysprosium carbonate complexes®

Dy*" + CO3?2 = DyCOs" 7.56
Dy*" +2C05?% = Dy(CO3)y 12.91
Dy*" + H + COs” = DyHCO3? 12.83
Dysprosium nitrate complexes?®

Dy*" + NOs™ = DyNOs?" 0.15
Dysprosium chloride complexes®

Dy*" + CI' = DyCI*? 0.27
Dy*" + CI' = DyCL" -0.07
Dy*" + CI = DyCl; -0.46
Dy*" + CI' = DyCls -0.89
Dysprosium citrate complexes®

Dy*" + Cit® = DyCit 9.34
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Ytterbium hydroxyl complexes?
Yb** + H,O = Yb OH*" + HY
Yb** +4H,0 = Yb(OH)s + 4H"
Yb** +2H,0 = Yb(OH)," + 2H"
Yb** + 3H,0 = Yb(OH); + 3H*
Ytterbium carbonate complexes®
Yb** + CO32 = YbCOs"

Yb** +2C057 2 Yb(CO3)2

Yb** +H + COs” = YbHCO;**
Ytterbium nitrate complexes?®
Yb** + NOs™ 2 YbNOs ™
Ytterbium chloride complexes?
Yb** + Cl" = YbCI**

Yb* +Cl'= Yb ClL"

Yb*+Cl' =2 YbCls

Yb* +Cl'= Yb Cls

Ytterbium citrate complexes®
Yb** + Cit?® = YbCit

Auxiliary reactions?

COs* +2H" = H,CO5"

COs%>” + H" = HCOy

Cit* + 3H" = HsCit

Cit* + 2H" = HyCit

Cit* + H" =2 HCit*

-7.24
-32.7
-15.75
-23.86

7.81
13.3
12.86

0.25

0.16
-0.27
-0.73
-1.22

9.65

16.68
10.33
14.29
11.16
6.40

2 Constants obtained from Haas et al.,1995.°

® Constants obtained from Luo and Byrne, 2004.”

¢ Constants obtained from NIST 46 database.?

4 Constants obtained from MINTEQ default database.’
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Table S2: Binary goethite-REE surface complexation reactions that could provide a satisfactory
fit to the data without citrate but exhibited poor fit to the data in the presence of citrate.

No. Reaction
Nd S1 2=FeOH + Nd*" = (=Fe0),Nd" + 2H"

S2 =FeOH + Dy*" + H,O = =FeODyOH" + 2H"*
Dy S3  2=FcOH + Dy* = (=FeO)Dy" + 2H"

S4 =FeOH + Yb*' + H,O = =FeOYbOH" + 2H"
Yb

S5 2=FeOH + Yb*" = (=FeO)Yb" + 2H"

S6



8.0 10.0
pH

6.0

4.0

8.0 10.0

pH
S7

6.0

4.0

95

10.0

8.0
pH

6.0

4.0

85

o =]
T o T (=] T
\ - | = :
S e————— r————— -, Mo - ‘e -
b & CoIczs=sme—m=z=zTTT ﬁ TTCrossase=—m==z=TTT
| 13 “ 3 “
] . | 1 J
! oS | LS “ ‘oS
L ]
1 Q o 1 o o 1 = 0O
i £+ 580 188 i =298 18 & i 5808 1
_ $£98% I° | 89909 ¢ ! £LEE
“ 2z =z 2z " oo o D " 1 1 1 ]
H [ | Voo | [
\ [ '\ L Jeo \
~, AY
~ ~— ===
Ilfll,ln.lllr-l«ll lllll e Jl.ll”ll,"'l-\h-ll““\l Irll.:llr-"l‘ \\\\\ \l\\
ST =~ L _\\\l TS — Ao T -~
M ! 1 ! I o I N 1 1 1 (=} PP T PEPEPEP BPEPEPEPE BPEPEPET SPRTREr |
[=] =] [=] =] [=] =3 [=] [=] [=] [=] [=] [=] =] [=] o [=]
=] © © < 13 =] © © <+ « S =] © < «
- - -
PN% Q% A%
o =]
= = =)
e < 2 S —
o=zl - S Y S~ T
Sl S ———— 27 Sm——er =7
it e =< Py
e N L e -=TT IoE
\\\\ S~ Yo ===l ~leo L —— I
- -~ N S~z \
e N P Sso e T T~
-\ \. \\\ s \\\\ Ir.rl
N ’ N,
| o T / Vo ¢ / N\
] TJo & 1 Tw o I
| ] ]
+ '
i & L i 4 tuoly i ¢ o oly
I I T ] 3%
i . 553 i L ITT ] LTI I
! s OEZE E J< ! s+ 02800 12 | £ 52990 ]
! 232D T ~ ! SEEEX ~ ( -1
“ 2222 2 " anoaoaaAa " Pl
1 ror ] [ 1 [
! T Q| ! . Ll ! P
0- n_U w I L o i I L 1 L (=} ..m_u_...n_U._..mu...nm._..mv..
S [=] =N =} [=] [=] [=] [=] [=3Y
=] <] %] < 134 S o @ < « =] @ © < «
- -
PN% £a% A%
o o
=] o
\ -~ ! - __
\
Seee e \ \
TToszseezzTTT S~ g Sees -
lllllllll o e e o S——— ————
- - e S 4
Sees — e <7 A < ol
el et ~mmeen ]
L ll..r/r e ==y, e ll/a(ﬂt
! .._0. T \\ ...fn_. T -~ N
© o © a /
I ] 1
] f 1 ‘o i .
! Y - ! o+ T ] + o+ T
i oQ Je i 3 o le 1 + o
s QO &) d QQ & 00
! s =0= < ! === - ! R R ey
! 3333 H aaaa ! >>>>
] | I I [ I B
! Lo (®] ! o o ! P
ol [P | ._.—_._._L,...O. il L 1 L | (=] Il 1 1 1 1
=] =] =] =] [=} = [=] S [=] [=] [=] =] [=] =] [=] =] [=]
=] =) @ < 3 =] ) © < ~ =} o © < [
- -
PN% Q% A%

citric acid (figures on the right). Speciation is shown for a total REE loading of 10 uM and 0.01

M from NacCl.

Figure S1. Dominant aqueous Nd (a-c), Dy (d-e), and YD (g-i) species in systems that are open to
the atmosphere (figures on the left), carbonate-free (figures on the center), and with 100 uM
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Figure S2. X-ray diffraction pattern of synthesized goethite. The black line represents measured

intensity of the synthesized solid, the red line represents the standard pattern for goethite (ICDD
pdf card 04-014-5919).
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Figure S3. Time series experiments at (a) pH 4 and (b) pH 7 to determine the necessary time for
adsorption equilibration. The loading of the REE was 10 uM and the concentration of goethite

was 0.5 g/L. The electrolyte was 0.01 M NaCl, and the experiments were open to the
atmosphere.

S9



120

i O
,.\100-1"!\“‘?5! bd
2 |
S 80
5 f
@ 60
= C
(/)] =
ﬁ 405— ® Nd

20 A Dy

- B Yb

of

PRI R R I T N N T T N A N A A
30 40 50 60 70 8.0
pH

Figure S4. Control experiments to examine the potential precipitation behavior of REEs in the
presence of citric acid. The loading of the REE was 10 uM and the total citrate concentration
was 100 uM. The electrolyte was 0.01 M NacCl, and the experiment was open to the atmosphere.
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Figure S5. Zeta potential of goethite with and without 100 uM citric acid as a function of pH.
The concentration of goethite was 0.5 g/L, and the electrolyte was 0.01 M NaCl.
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Figure S6. Prediction of competitive REE adsorption using surface complexation modeling. The

concentrations of each REE were (a and b) 1 uM and (c and d) 10 uM. In (a) and (c), the

experiments were performed with REEs in separate batches, while the REEs were in the same

batch in (b) and (d). The concentration of goethite was 0.5 g/L with 0.01 M NaCl as the

electrolyte. The experiments were conducted at open to atmosphere conditions. Data are shown
as symbols and model outputs as lines.
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Figure S7. Control experiments of (a) Nd, (b) Dy, and (c) Yb behavior in the absence of goethite.

The REE loadings were 1 uM and 10 uM and the electrolyte was 0.01 M NaCl. Experiments
were in open to atmosphere.

Figure S8. Equilibrium solubility plots for (a) Nd, (b) Dy, and (¢) Yb. REE(OH); and
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REE2(CO3)3 were considered. The precipitates predicted to form at equilibrium were Nd2(CO3)s,
Dy(OH)3, and Yb(OH)s.
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Figure S9. Fourier transform magnitude and real component of the EXAFS spectrum of Yb
adsorption to goethite at pH 7 in the presence of citrate, showing features with substantial
amplitude out to high-R as a result of noise (see Fig. 5 for the k-space spectrum).
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Figure S10. L3-edge XANES spectra of (top) Nd(III) adsorbed to goethite at pH 6 and (bottom)
Yb(IIT) adsorbed to goethite at pH 6 and at pH 7 with citrate as well as complexed to citrate in
solution at pH 3.
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Figure S11. Potentiometric titration of goethite in the presence of 0.01 M NaCl. The
concentration of goethite is 10 g/L, and the experiment was performed in the absence of
dissolved inorganic carbon.
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Figure S12. Speciation of adsorbed (a-d) Dy and (e-h) Yb simulated by surface complexation
modeling. The simulation was performed under open to atmosphere conditions with varying
electrolyte type and concentration: (a) and (e) 0.01 M NaCl, (b) and (f) 0.001 M NacCl, and (c)
and (g) 0.01 M CaCl,. The speciation in the absence of dissolved inorganic carbon with 0.01 M
NaCl is also provided in (d) and (h). The goethite concentration was 0.5 g/L and the REE
concentration was 10 pM.
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Figure S13. Adsorption of (a) Nd, (b) Dy, and (c) Yb in the presence 100 uM citrate simulated by
the surface complexation model with only binary surface complexation reactions. The goethite and
REE concentrations were 0.5 g/L and 10 uM, respectively. The electrolyte was 0.01 M NaCl, and
the experiments were open to the atmosphere. Experimental data are shown in symbols and model
simulation as lines. Pink solid lines represent total adsorbed REE, and dashed lines represent
individual adsorbed REE species. For Nd, only one species was used in the model; thus, the pink
line represents both (=FeO)>Nd(OH)," species and total adsorbed Nd. The model’s underestimation
of adsorption pointed to the need to include ternary goethite-REE-citrate adsorption reactions.
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Figure S14. Using surface complexation modeling to predict the distribution coefficient of (a-c)
Nd, (d-f) Dy, and (g-1) Yb. (a), (d), and (g) are the effect of electrolyte, (b), (¢), and (h) are the
effect of dissolved inorganic carbon, and (c), (), and (i) are the effect of citrate. Data are shown
as symbols and the model predictions as lines. “DIC” represents dissolved inorganic carbon.
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