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Abstract 1 

The adsorption of rare earth elements (REEs) to iron oxides can regulate the mobility of REEs in 2 

the environment and is heavily influenced by water chemistry. This study utilized batch experiments to 3 

examine the adsorption of Nd, Dy, and Yb to goethite under varying pH, electrolyte (type and 4 

concentration), and concentrations of dissolved inorganic carbon and citrate. REE adsorption was strongly 5 

influenced by pH, with an increase from essentially no adsorption at pH 3.0 to nearly complete adsorption 6 

at pH 6.5 and higher. Citrate enhanced the adsorption of REEs at low pH (< 5.0), likely by forming goethite-7 

REE-citrate ternary surface complexes. However, citrate inhibited the adsorption of REEs at higher pH (> 8 

5.0) by forming aqueous REE-citrate complexes. Ionic strength had a small influence on REE adsorption, 9 

and the presence of dissolved inorganic carbon had no discernible effect. Equilibrium adsorption was 10 

interpreted with a triple layer surface complexation model (SCM). The selection of surface complexation 11 

reactions was guided by extended X-ray absorption fine structure spectra. A SCM with a single bidentate 12 

inner-sphere surface complexation reaction for Nd and two inner-sphere surface complexation reactions 13 

(one monodentate and one bidentate reaction) for Dy and Yb effectively simulated adsorption across a 14 

broad range of conditions in the absence of citrate. Accounting for the effects of citrate on REE adsorption 15 

required the addition of up to two ternary REE-citrate-goethite surface complexes. The SCM can enable 16 

predictions of REE transport in subsurface environments that have goethite as an important adsorbent 17 

mineral. This predictive capability could contribute to identifying potential REE sources and facilitating 18 

efficient extraction of REEs.  19 

KEYWORDS: Rare earth elements, goethite, iron oxides, adsorption, surface complexation modeling, 20 

citric acid 21 
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Introduction 22 

Rare earth elements (REEs) are critical resources for technologies underlying energy generation and storage, 23 

communication, transportation, and computing.1,2  Notable uses include neodymium (Nd) and dysprosium 24 

(Dy) in permanent magnets and ytterbium (Yb) in high-energy lasers.3–5 REEs are not rare in terms of 25 

average crustal abundance; however, there are not many concentrated REE deposits.6–8 The distribution of 26 

REEs in their primary hosts such as carbonatite-, alkaline and peralkaline-, phosphorite-, and iron oxide 27 

copper gold (IOCG)-related deposits has been well documented.9–14 Secondary REE deposits, also known 28 

as ion adsorption deposits, formed by weathering processes can retain REEs via adsorption to clay minerals 29 

and iron oxides.9,15–17 Total REE concentrations are typically 600 to 1000 μg/g but can exceed 3000 30 

μg/g.15,18,19 These secondary REE deposits are potentially important sources of REEs.20 They serve as 31 

primary REE reserves in China and are likely to represent undiscovered REE deposits elsewhere.16,18,21–23  32 

While clays are the dominant adsorbent of ion adsorption REE deposits, ~10% of REE occur 33 

adsorbed to iron oxyhydroxides in these deposits.24 These phases are also important REE adsorbents in 34 

other weathering environments.25,26 The adsorption of REEs to iron oxides can be influenced by 35 

environmental factors that include pH, ionic strength, dissolved inorganic carbon (DIC), and organic 36 

ligands. At environmentally relevant pH (3.0-8.0), the dominant aqueous REE species in the absence of 37 

citrate are cations that include REE3+, REECO3
+, and REEOH2+. In the presence of 100 µM citrate, REE-38 

citrate aqueous complexes are the dominant species. The Specific information for aqueous Nd, Dy, and Yb 39 

speciation is available in Figure S1 in Supporting Information. As with other cationic metal species, the 40 

adsorption of REEs increases with ascending pH. A prior study reported a weak influence of ionic strength 41 

(0.01-0.09 M) on REEs adsorption onto iron oxides.27 A decrease in the adsorption of lanthanides was 42 

observed when the ionic strength was increased above 0.1 M.28 The mobility of REEs can also be influenced 43 

by carbonate due to the formation of aqueous REE-carbonate complexes. The adsorption of REEs (La, Sm, 44 

Ho, Lu) on goethite was largely unaffected at pH 7.8 when the DIC level increased from no DIC to open to 45 

atmosphere conditions.29 With elevated DIC concentrations from 50 µM to 150 µM, the adsorption of 46 
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lanthanides onto amorphous ferric hydroxide exhibited an initial rise followed by a subsequent decline.30 47 

Organic ligands can affect the adsorption of metals and REEs to iron oxides by (1) forming soluble 48 

complexes, (2) adsorbing to the iron oxide surface and modifying the surface potential, (3) contributing to 49 

ternary surface complex formation, and (4) competing with metals and REEs for adsorption sites. The effect 50 

of organic ligands on REE adsorption is strongly governed by pH.31–33 For example, fulvic acid facilitated 51 

Nd uptake by goethite when the pH was below the point of zero charge (PZC), but Nd-fulvic acid aqueous 52 

complexation suppressed adsorption at pH values above the PZC.33  53 

Surface complexation modeling (SCM) is a reaction-based framework that accounts for both 54 

chemical energetics and electrostatic interactions at the water-solid interface. Previous studies have used 55 

SCM to investigate the adsorption of REEs to hematite, magnetite, and amorphous ferric oxyhydroxides.34–56 

36 The adsorption of REEs was interpreted as inner-sphere monodentate34,35 and outer-sphere tetradentate 57 

surface complexation.36 58 

In the current literature on the adsorption of REEs to various iron oxides, the interaction between 59 

REEs and goethite was limited to simple water chemistry conditions.37,38 Furthermore, the mechanisms by 60 

which the low molecular weight organic acids affect the adsorption of REEs remained unclear.31–33,39 61 

Understanding the coordination mechanism of REEs with goethite is valuable for understanding the 62 

retention of REEs in ion adsorption deposits and predicting their mobility in the subsurface. New insights 63 

into the coordination characteristics of REEs at the interface with iron oxides might also facilitate the 64 

efficacious extraction of REEs. The primary objectives of this study were to 1) quantify the adsorption 65 

extent of both light and heavy REEs on goethite as a function of water chemistry and 2) elucidate the surface 66 

speciation and binding mechanisms of REEs to goethite. The adsorption behavior of Nd (a light REE), Dy, 67 

and Yb (heavy REEs) was investigated under diverse water chemistry conditions and was interpreted by 68 

using surface complexation modeling and extended X-ray absorption fine structure spectroscopy. 69 

 70 
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Materials and Methods 71 

Goethite Synthesis and Characterization 72 

Goethite was synthesized and cleaned according to previously published procedures.40 With stirring, 73 

50 mL of 1 M Fe(NO3)3·9H2O  was slowly added into 90 mL of 5 M NaOH. The solution was immediately 74 

diluted to 1 L with deionized water and then maintained at 70 °C for 60 h. After cooling, the suspension 75 

was filtered and washed with deionized water using a vacuum filtration system with a nylon membrane to 76 

remove excess ions from the goethite suspension. The synthesized material was then freeze-dried for 77 

subsequent characterization and adsorption experiments. The identification of the synthetic goethite was 78 

confirmed by X-ray diffraction (Bruker d8 Advance X-ray diffractometer) (Figure S2 in Supporting 79 

Information) and the specific surface area was 24 m2/g as measured by Brunauer–Emmett–Teller (BET) N2 80 

adsorption. For adsorption experiments, goethite was suspended in deionized water to form a 20 g/L stock 81 

solution, which was kept in polypropylene bottles wrapped in aluminum foil.  82 

Potentiometric Titration 83 

The potentiometric titration of 10 g/L goethite under CO2-free conditions was performed to 84 

determine the equilibrium constants for surface protonation-deprotonation of goethite. The ionic strength 85 

was set at 0.01 M using NaCl. The pH of the suspension was first decreased to 3.0 with HCl and then 86 

gradually increased by using NaOH.  87 

Adsorption Experiments 88 

The adsorption of REEs on goethite was examined over the pH range of 3.0 – 8.0 with 0.5 g/L 89 

goethite. Based on the concentration range of REE in the ion adsorption deposits (600 – 3000 µg/g15,18,19) 90 

and the goethite concentration used in this study (0.5 g/L), an environmentally relevant REE concentration 91 

is 300 to 1500 µg/L (approximately 1 – 10 µM). In this study, both low (1 µM) and high (10 µM) REE 92 

loadings were used. Unless specifically mentioned, the experiments were open to the atmosphere and 0.01 93 

M NaCl was used as the electrolyte. The electrolyte concentration is relevant to groundwater conditions.41,42 94 

Deionized water used for experiments was adjusted to designated pH values (3.0 to 8.0) and then 95 
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equilibrated with air by sparging for 24 h before use. The pH of the water was subsequently readjusted 96 

during the aeration to ensure the desired pH level was sustained. The time after pH readjustment (about 8 97 

h) was assumed to be sufficient for the water to reach equilibrium with atmospheric CO2. NaOH (0.1 M) 98 

and HCl (0.1 M) were used for pH adjustment and would not dramatically affect the ionic strength regarding 99 

the subtle amount of addition. To understand the impact of electrolyte type and concentration on adsorption, 100 

selected experiments were also performed with 0.001 M NaCl and 0.01 M CaCl2. The impact of CO2 on 101 

adsorption was evaluated in CO2-free experiments that were conducted in a glove box (Coy Laboratory 102 

Products Inc.) under a nitrogen atmosphere. The gas in the glove box was continuously bubbled through a 103 

10 M KOH solution to remove any CO2.  104 

Citric acid with a loading of 100 µM was applied in order to investigate the influence of citrate as 105 

an environmentally relevant low molecular weight organic ligand. The citrate stock solution was prepared 106 

using citric acid and the pH for individual experiments was adjusted using NaOH and HCl. The 107 

concentration of citrate was selected based on its environmental relevance (0.1-1000 µM).43  The 108 

suspension was open to the atmosphere and ionic strength was maintained at 0.01 M with NaCl. During the 109 

experiment, the reactors (polypropylene tubes) were wrapped in aluminum foil to minimize the potential 110 

photocatalytic dissolution of goethite. To understand the impact of citrate on the goethite surface, 111 

electrophoretic mobility measurements by dynamic light scattering (Malvern ZEN 3600 Zetasizer) were 112 

performed to obtain the zeta-potential of 0.5 g/L goethite particles in the presence or absence of 100 µM 113 

citrate.  114 

Additional experiments were performed to assess the maximum adsorption capacity of goethite for 115 

REEs at pH 6 and to examine the competitive adsorption of REEs. The effect of REE loading on adsorption 116 

was examined with 0.5 g/L goethite at pH 6.0 under conditions open to the atmosphere. The concentrations 117 

of added REEs were 1, 5, 10, 25, 50, 100, and 150 µM. The experiment was conducted in duplicate with 118 

respect to each concentration. Competitive adsorption experiments with all three elements in the same 119 

reactor were also performed. The experiments were conducted with 0.5 g/L goethite and two REE loadings 120 

(1 µM and 10 µM of each REE). 121 



7 
 

A control experiment in the absence of goethite was performed to examine the potential loss of 122 

REEs due to precipitation or adsorption to the reactor walls. Another control experiment with 100 µM citric 123 

acid and REEs but no goethite was conducted to observe whether any citrate precipitation occurs with REEs.  124 

The suspensions of all the adsorption experiments were mixed by end-over-end rotation and pH 125 

was readjusted after the reaction for 12 h. After 24 h of equilibration, the pH value of the samples was 126 

recorded. A time series experiment confirmed that the 24 h reaction time is sufficient for adsorption 127 

equilibrium (Figure S3 in Supporting Information). The samples were filtered with 0.22 µm PES syringe 128 

filters, diluted 10 times with deionized water, and then acidified with concentrated HNO3 to yield preserved 129 

samples with 1% (by mass) HNO3. Dissolved REE concentrations were analyzed by inductively coupled 130 

plasma mass spectrometry (ICP-MS, PerkinElmer NexION 2000). The detection limit of the Nd, Dy, and 131 

Yb by ICP-MS was approximately 0.5 µg/L. The uncertainty of the concentration of each sample was 132 

calculated from the uncertainty associated with quantification by ICP-MS and the propagation of 133 

uncertainties.44,45 134 

Extended X-ray absorption fine structure spectroscopy 135 

Extended X-ray absorption fine structure (EXAFS) spectroscopy is an X-ray-based technique that 136 

provides information about the coordination environment at the solid-water interface. Nd and Yb LIII-edge 137 

EXAFS spectra were collected at the Stanford Synchrotron Radiation Lightsource (SLAC National 138 

Accelerator Laboratory, California) on beam lines 4-1 and 11-2. Dy was not studied because of interference 139 

from Fe fluorescence. Samples consisted of 0.5 g/L goethite reacted with 10 µM Nd or Yb in 0.01 M NaCl 140 

at pH 6, yielding adsorption densities of 2000 and 2400 µg/g, respectively, as well as 10 µM Yb in 0.01 M 141 

NaCl and 100 µM citrate at pH 7, corresponding to an adsorption density of 2000 µg/g. These conditions 142 

were selected to replicate pH values observed in the REE accumulation zone of ion adsorption deposits and 143 

to yield spectra observable above background noise.19,22,24 These REE-adsorbed goethite samples were 144 

sealed as wet pastes in Delrin sample holders using Kapton tape. Data were collected using a Canberra 30-145 

element Ge solid-state detector (beamline 4-1) or a Canberra 100-pixel segmented monolithic Ge solid-146 

state detector (beamline 11-2). A solution sample consisting of 0.05 M Yb(NO3)3, 0.14 M citric acid, and 147 
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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 148 

pH was used than for the adsorbed sample to avoid supersaturation of Yb-bearing solids. This sample was 149 

sealed in a polycarbonate sample holder and measured in total fluorescence yield using a PIPS detector. 150 

 On both beam lines, the beam energy was selected using a Si (220) double-crystal monochromator, 151 

with the harmonic content reduced by detuning (20-30%) the second monochromator crystal. The collected 152 

EXAFS spectra were processed using SIXpack,46 and subsequent background subtraction and fitting were 153 

performed using LARCH.47 Backscattering phase and amplitude functions used in EXAFS fitting were 154 

generated in LARCH using FEFF8L48 from the structures of NdFeO3
49 and YbFeO3.50 The amplitude factor 155 

(S0
2) was fixed at 1.0 during the fitting processes.51 156 

Surface complexation modeling (SCM) 157 

SCM was applied to interpret the effects of pH, electrolyte, citrate, and carbonate on REE 158 

adsorption. The triple layer model (TLM) was implemented in Visual MINTEQ 3.1.52 TLM describes the 159 

solid-water interface as three layers (surface, beta, and diffuse layers) with different charge densities and 160 

potential profiles.53–58 The inner and outer capacitances were set at 0.6 F/m2 and 0.2 F/m2, which are 161 

commonly used values for goethite at 0.01 M ionic strength.59 Based on the effect of REE loading on 162 

adsorption, the site density was set at 5.0 sites/nm2. This value falls within the range of site densities 163 

typically employed for goethite in the relevant literature.60,61  164 

The SCM considered both aqueous reactions (Table S1 in Supporting Information) and surface 165 

reactions (Table 2). The equilibrium constants pertaining to the aqueous complexation of REEs with 166 

hydroxides, nitrates, and chlorides were taken from the work of Haas et al.62 The constants associated with 167 

REE-carbonate and REE-citrate complexation were obtained from the studies by Luo and Byrne63 and the 168 

NIST 46 database,64 respectively. The equilibrium constants of auxiliary reactions (i.e., acid-base reactions 169 

of citrate and carbonate) were sourced from the MINTEQ default database.65 The pKa values of goethite 170 

were determined by fitting the potentiometric titration data using TLM. The optimal pKa values were 171 

obtained by minimizing the residual sum of squares between the experimental titration curve and the output 172 

generated by the model. The resulting pKa1 (7.1) and pKa2 (11.3) fall within the range reported in previous 173 
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studies.59 The reactions for the binding of electrolyte ions (Na+, Ca2+, and Cl-) to goethite (reactions 3 – 7 174 

in Table 2) were determined in previous studies.59,66 The constants of these reactions reported in the 175 

previous studies were appropriately converted for inclusion in the modeling platform of this work (see 176 

details in section S1 of the Supporting Information).  177 

The adsorption reactions of citrate to goethite (reactions 8 and 9 in Table 2) were sourced from a 178 

previous study, wherein the adsorption of 100 µM citrate to 2 g/L goethite had been quantified and modeled 179 

using the extended constant-capacitance surface complexation model.67 Our study endeavored to assimilate 180 

the aforesaid adsorption reactions into our triple layer model with corresponding reaction constants. To 181 

achieve this objective, the adsorption data from the previous study were modeled by TLM in Visual 182 

MINTEQ, employing the reaction stoichiometry used in the previous study.  183 

The parameters and constants mentioned above were employed in the SCM for subsequent 184 

modeling procedures. Within the Visual MINTEQ software, potential surface complexation reactions for 185 

REEs were examined by fitting adsorption data (expressed as percentage of adsorption). The optimal logK 186 

values were determined by minimizing the residual sum of squares between the experimental adsorption 187 

data and the corresponding model-generated output. To determine the optimal range of logK values, a 188 

forward search was first conducted spanning from -30 to 30, with a step size of 5.00. The constants were 189 

then refined with finer step sizes of 1.00, 0.50, 0.10, and 0.01. 190 

The modeling process started with fitting the experimental data without citric acid. The selection 191 

of adsorbed REE species was guided by EXAFS spectra of samples with adsorbed REEs prepared at pH 192 

6.0 and 0.01 M NaCl ionic strength (see details in the EXFAS results section). The modeling considered 193 

various reactions that differed with respect to their stoichiometry. The goal was to identify candidate 194 

reactions and determine their optimal logK values that could effectively simulate the observed adsorption 195 

edges (data in Figure 1 and Figure 2 a-c) and adsorption data with varying REE loadings (data in Figure 4). 196 

For Nd, one surface complexation reaction was tested at a time. Reaction 10 in Table 2 and reaction S1 in 197 

Table S2 of the Supporting Information each could fit the data in the absence of citrate. We considered 198 

adding another bidentate surface complexation reaction to model the adsorption data, but the inclusion of a 199 



10 
 

second reaction contributed to at most 8 % of the adsorption. Thus, only one reaction was used to fit the Nd 200 

data in the absence of citrate. For Dy and Yb, two surface complexation reactions (one bidentate and one 201 

monodentate) were involved, and their logK values were optimized simultaneously. Reactions 13 and 14 202 

in Table 2 or reactions S2 and S3 in Table S2 provided fits of the Dy data, whereas reactions 17 and 18 in 203 

Table 2 or reactions S4 and S5 in Table S2 could be used to fit the Yb data.  204 

Once the candidate reactions that could fit the data without citrate were identified, the abilities of 205 

these reactions (Reactions 10, 13, 14, 17, and 18 in Table 2 and reactions S1 – S5 in Table S2 of the 206 

Supporting Information) to fit the data in the presence of citrate were tested. To account for the effect of 207 

citrate in the modeling, we began by including the adsorption reactions of citrate to goethite (specifically, 208 

reactions 8 and 9 in Table 2) together with the goethite-REE binary surface complexation candidate 209 

reactions. The output of the model was then compared to experimental data obtained in the presence of 210 

citrate. Solely considering the binary goethite-REE and goethite-citrate reactions provided poor simulations 211 

of the data (more details are available in the Results and Discussion section). The reactions (reactions S1 – 212 

S5 in Table S2 of the Supporting Information) that led to overestimation of adsorption were excluded from 213 

further consideration.  The reactions (reactions 10, 13, 14, 17, and 18 in Table 2) that led to underestimation 214 

pointed to the need to include ternary goethite-REE-citrate surface complexation reactions.  215 

Upon achieving the optimal fit, the predictive capability of the developed model was evaluated by 216 

simulating data of competitive adsorption of Dy, Nd, and Yb (given in terms of percentage of adsorption). 217 

Additionally, the optimized logK values were used to simulate the adsorption data in terms of the 218 

distribution coefficient Kd (equation 1) (in L/kg), 219 

𝐾𝐾𝑑𝑑 = [𝑅𝑅𝑅𝑅𝑅𝑅]𝑎𝑎𝑎𝑎𝑎𝑎
[𝑅𝑅𝑅𝑅𝑅𝑅]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∙𝐶𝐶𝑠𝑠

     (1) 220 

where [REE]ads and [REE]diss are the concentrations of adsorbed and dissolved REE (in M), respectively, 221 

and Cs is the concentration of the goethite in suspension (in kg/L). 222 

 223 
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Results and Discussion 224 

Macroscopic equilibrium adsorption of Nd, Dy, and Yb 225 

The adsorption of Nd, Dy, and Yb was evaluated over the pH range of 3.0 – 8.0. The adsorption of 226 

Nd, Dy, and Yb was strongly affected by pH with an increase from essentially no adsorption at pH 5.0 to 227 

almost complete adsorption at pH 6.5 (Figure 1). The observed trend aligns with the expected behavior for 228 

the adsorption of cationic metal species on goethite.  229 

The effect of electrolyte on adsorption was examined with 0.01 M CaCl2, 0.01 M NaCl, and 0.001 230 

M NaCl under conditions open to the atmosphere. Adsorption was insensitive to the concentration of NaCl 231 

and slightly decreased when 0.01 M CaCl2 was used instead of 0.01 M NaCl (Figure 1).  The effect of Ca2+ 232 

can be explained by the competition of Ca2+ with REEs for adsorption sites, an effect that was successfully 233 

simulated by the surface complexation model. The insensitivity of adsorption to electrolyte concentration 234 

(ionic strength) provides indirect evidence that inner-sphere complexation is the dominant mechanism of 235 

Nd, Dy, and Yb adsorption. This is because the bonding of these elements to the surface as inner-sphere 236 

complexes is less influenced by ionic strength compared to outer-sphere surface complexes that have water 237 

molecules between the sorbate and the surface. 238 

 239 

Figure 1. Effect of pH and electrolyte type and concentration on adsorption extents of (a) Nd, (b) 240 

Dy, and (c) Yb on goethite. The concentration of REEs and goethite were 10 µM and 0.5 g/L, respectively. 241 

Experiments were conducted in open to atmosphere conditions. Data are shown as symbols and the output 242 
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of the surface complexation model simulation as lines. The data below 20% adsorption exhibits an 243 

uncertainty ranging from 5% to 22%, and the uncertainty for data above 20% adsorption is 0.5% to 3%. 244 

The adsorption edges with and without DIC were compared in order to assess the effect of carbonate 245 

on adsorption. Similar adsorption edges were observed regardless of the presence of DIC (Figure 2 a-c). 246 

This finding aligns with the results of a prior study, which demonstrated largely unaffected adsorption of 247 

La, Sm, Ho, and Lu to goethite under conditions open to atmosphere and DIC-free.29 Based on equilibrium 248 

calculations, the dominant aqueous species in the open to atmosphere conditions was REECO3
+ at pH 7.0 249 

– 8.0 (Figure S1 in Supporting Information). The REE-carbonate concentration followed the order of 250 

NdCO3
+ > DyCO3

+ = YbCO3
+. In the absence of DIC, the dominant species was REEOH2+. While carbonate 251 

could modify the speciation of REEs in the aqueous phase, it would need to be present at a higher 252 

concentration to exert an observable effect on the adsorbed REE species onto iron oxides. 253 

The effect of citric acid on REE adsorption was investigated due to its widespread presence in the 254 

natural environment and as a representative low molecular weight carboxylic acid. A control experiment in 255 

the absence of goethite was conducted and confirmed that no precipitate was formed with 10 µM REEs and 256 

100 µM citric acid in the aqueous phase (Figure S4 in Supporting Information). Divergent effects of citrate 257 

on REE adsorption were observed depending on the pH: at low pH (< 5.0) adsorption increased in the 258 

presence of citrate, while it decreased at higher pH (> 5.0) (Figure 2 d-f). The increased adsorption at low 259 

pH (< 5.0) could potentially be attributed to two dominant factors. First, the reduced surface potential 260 

(Figure S5 in the Supporting Information) might have increased the adsorption of REE cations. Second, a 261 

ternary surface complex involving goethite-REE-citrate might have formed. In this study, ternary surface 262 

complexation was found to play a crucial role in accounting for the effect of citrate. Similarly, such ternary 263 

iron oxide-REE-organic ligand surface complexes were also observed in systems involving ferrihydrite and 264 

humate at pH 5.2.68  For the inhibited adsorption at high pH, the formation of soluble REE-citrate complexes 265 

lowered the activity of available REE cations for adsorption. As the pH increases, the formation of aqueous 266 

complexes by organic ligands becomes more prominent.33 A comprehensive discussion of the effect of 267 

citrate is included in the surface complexation modeling section below.  268 
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 269 

Figure 2. Effect of (a-c) DIC and (d-f) citrate on the adsorption of (a and d) Nd, (b and e) Dy, and 270 

(c and f) Yb on goethite. The loading of each REE was 10 µM and the goethite concentration was 0.5 g/L. 271 

NaCl (0.01M) was used as the electrolyte for all experiments. In a-c, “Open” indicates that the system was 272 

equilibrated with atmospheric CO2 and “DIC-free” indicates that experiments were conducted in a CO2-273 

free environment. In d-f, the total citrate concentration was 100 µM and the experiment was conducted in 274 

open to atmosphere conditions. Data are shown as symbols and the output of the surface complexation 275 

model simulation as lines. In a-c, the model outputs for both open (black line) and DIC-free (blue line) 276 

conditions overlap. In d-f, the pink and black solid lines represent total adsorbed REEs with and without 277 

citrate, respectively. Dashed lines represent individual adsorbed REE species in the presence of citrate.  The 278 

data below 20% adsorption exhibits an uncertainty ranging from 5% to 22%, and the uncertainty for data 279 

above 20% adsorption is 0.5% to 3%. 280 

 281 
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Competitive adsorption experiments using 0.5 g/L goethite with Nd, Dy, and Yb all present in the 282 

same batch reactors were performed to assess the relative adsorption strength among the three REEs. Two 283 

adsorption experiments with different REE loadings were performed. In the first experiment, the 284 

concentration of each REE was set at 1 µM, while the second experiment involved a higher loading, with a 285 

concentration of 10 µM for each individual element. The percent of adsorption of Nd, Dy, and Yb was 286 

similar to each other when they were in the same batch or in separate batches (Figure 3). This indicates that 287 

the affinity of Nd, Dy, and Yb to goethite are similar. The adsorption of each REE decreased when the total 288 

REEs loading was 30 µM (10 µM for each element). Although the adsorption sites are not saturated (total 289 

site concentration is 99.6 µM based on SCM calculation), the competition between H+ and REE species 290 

means that not all surface ≡FeOH sites can adsorb REE species below pH 6.5. For this situation, the 291 

adsorption extent of all three REEs decreased to comparable extents. Prior studies have indicated that the 292 

adsorption of REEs on iron oxide surfaces follows the tetrad effect pattern, wherein the REEs from La and 293 

Lu are subdivided into four groups, the adsorption within each group exhibiting a concave-upward 294 

trend.34,69–71 Although variations in adsorption affinity can be found among the REEs, especially within 295 

each tetrad effect group, iron oxides (hematite, goethite, and ferrihydrite) display similar adsorption 296 

affinities towards the three specific elements (Nd, Dy, and Yb) studied in this work.28,37,69,70 The partitioning 297 

of REEs to the iron oxide surface is independent of atomic radius, but it is influenced by their electron 298 

configuration and the complexation with hydroxyl groups on the iron oxide surface.34,70,71 299 
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 300 

Figure 3. Adsorption extents of REEs on goethite in same and separate batches at (a) 1 µM loading 301 

and (b) 10 µM loading of each REE. The solid markers (▲Nd ■ Dy ●Yb) represent results in separate 302 

single-sorbate batch experiments and open markers (Δ Nd □ Dy ○ Yb) show the results of REE adsorption 303 

in the multi-sorbate batch experiments. The goethite concentration was 0.5 g/L and the electrolyte was 0.01 304 

M NaCl. The experiments were open to the atmosphere. The model outputs for the experimental data are 305 

provided in Figure S6 of the Supporting Information. The data below 20% adsorption exhibits an 306 

uncertainty ranging from 5% to 22%, and the uncertainty for data above 20% adsorption is 0.5% to 3%. 307 

 308 

Although similar adsorption affinity was observed for Nd, Dy, and Yb, the maximum adsorption 309 

capacity of goethite for Nd was approximately half that for Dy and Yb at pH 6 (Figure 4). With a similar 310 

amount of REE adsorbed (Figure 3), adsorbed Dy and Yb occupied fewer sites than Nd did (Figure 4). This 311 

suggests that surface complexes with lower denticity were present when Dy and Yb adsorbed to goethite 312 

as compared to Nd. This finding is consistent with the EXAFS results that indicated that Nd formed only 313 

bidentate surface complexes, while Yb formed both monodentate and bidentate surface complexes when 314 

adsorbed to goethite (details in the EXAFS section).  315 
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 316 

Figure 4. Effect of REE loadings on adsorption at pH 6 under open to atmosphere conditions. The goethite 317 

concentration was 0.5 g/L, and the electrolyte was 0.01 M NaCl. Error bars represent ± one standard 318 

deviation from duplicate experiments. Data were shown as symbols and the lines are chemical equilibrium 319 

calculations from application of the surface complexation model. 320 

 321 

The control experiment in the absence of goethite confirmed that there was no loss of REEs due to 322 

the adsorption to the walls of the reactor (15-mL polypropylene tubes), since approximately 100% of added 323 

REEs remained in solution after 24-h equilibration at pH 6.0 (Figure S7 in Supporting Information). 324 

However, the results of these goethite-free control experiments indicate the precipitation of REEs occurred 325 

above pH 6.0. This agrees with equilibrium solubility calculations in which REE(OH)3 and REE2(CO3)3 326 

were considered (Figure S8 in Supporting Information). The predicted equilibrium precipitates were 327 

Nd2(CO3)3, Dy(OH)3, and Yb(OH)3. Therefore, in the adsorption experiments, the REE solutions were 328 

added drop by drop (about 1.5 µM REE added each time) at pH above 6.0. by limiting the transient 329 

maximum dissolved concentration of added REEs before adsorption would occur and lowering the 330 

remaining dissolved concentration. 331 
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Extended X-ray Absorption Fine Structure Spectroscopy 332 

Potential adsorption mechanisms of Nd and Yb on goethite were evaluated using EXAFS 333 

spectroscopy.  Nd adsorbed to goethite displays a dominant first shell feature in the Fourier transform 334 

spectrum near ~2.1 Å with a possible weak second-shell features out to ~3.6 Å (Figure 5). Structural model 335 

refinement identifies a first coordination shell consisting of 8.9±0.6 oxygen atoms at 2.50 Å (Table 1). 336 

These values are similar to the first coordination shell parameters for dissolved Nd3+ 51 and to a Nd outer-337 

sphere complex on ferrihydrite.72 This indicates that binding to the goethite surface only weakly perturbs 338 

the first coordination shell of Nd(III). The second shell features could be well described by a mixture of 339 

edge-sharing bidentate complexes with a Nd-Fe distance of 3.19 Å and corner-sharing bidentate complexes 340 

with a distance of 3.75 Å (Table 1). These occur in approximately equal proportions; a corner-sharing 341 

complex connects to two adjacent iron octahedra and thus has a coordination number twice that of an edge-342 

sharing complex bound to a single iron octahedron. Attempts to include a monodentate species were 343 

unsuccessful, always resulting in a coordination number of zero. Prior work identified a bidentate 344 

coordination geometry to iron octahedra on the surface of ferrihydrite for Sm at pH 6.5 and 8, but found no 345 

evidence of inner-sphere coordination for Nd at the same pH values.72 346 
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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.  347 

 348 

CN denotes coordination numbers; R denotes the atomic distance; σ2 denotes the Debye-Waller factor; E0 denotes the shift in energy from the 349 

calculated Fermi level; S0
2 denotes the amplitude factor; χν

2 denotes the reduced χ squared value; R-factor describes the “goodness of fit”; V is the 350 

number of variables; NIDP is the number of independent points. 351 
a Nd-Fe1 corresponds to an edge-sharing bidentate complex, with one Fe neighbor per adsorbed Nd atom, and Nd-Fe2 to a corner-sharing bidentate 352 

complex, with two Fe neighbors per adsorbed Nd atom. The fitting model assumed that all adsorbed Nd was distributed among these two types of 353 

complexes. This was added as a fitting constraint by requiring that the coordination number of Nd-Fe1 plus one-half of the coordination number of 354 

Nd-Fe2 sum to 1. These fitting paths were also constrained to have identical σ2 values to decrease parameter correlations. 355 
b Yb-Fe1 corresponds to an edge-sharing bidentate complex, with one Fe neighbor per adsorbed Yb atom, Yb-Fe2 to a corner-sharing bidentate 356 

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 357 

fitting model assumed that all adsorbed Yb was distributed among these three types of complexes. This was added as a fitting constraint by requiring 358 

that the coordination numbers for Yb-Fe1 and Yb-Fe3 plus one-half of the value for Yb-Fe2 equaled 1. The three Yb-Fe paths were also constrained 359 

to have identical σ2 values to decrease parameter correlations.360 

Sample Path CN R (Å) σ2 (Å2) ΔE0 (eV) S02 R-factor V/NIDP χν
2 R range k range 

10 µM Nd, 500 
mg/L goethite, 10 
mM NaCl (pH 6) 

Nd-O 8.9 ± 0.6 2.496 ± 0.006 0.010 ± 0.001 
6.6 ± 0.6 1.0 0.007 8/14.8 0.038 1.2-4 3-10.75 Nd-Fe1 0.5 ± 0.1 3.188 ± 0.024 0.008 ± 0.002 

Nd-Fe2 1.0a 3.755 ± 0.020 0.008a 

10 µM Yb, 500 
mg/L goethite, 10 
mM NaCl (pH 6) 

Yb-O 8.4 ± 0.6 2.307 ± 0.006 0.010 ± 0.001 

3.6 ± 0.7 1.0 0.004 10/15.7 1.23 1.2-4.5 3-10 Yb-Fe1 0.4 ± 0.2 2.831 ± 0.025 0.007 ± 0.004 
Yb-Fe2 0.3 ± 0.2 3.436 ± 0.046 0.007b 
Yb-Fe3 0.5b 4.254 ± 0.053 0.007b 

10 µM Yb, 500 
mg/L goethite, 
citrate, 10 mM 
NaCl (pH 7) 

Yb-O 7.7 ± 0.7 2.301 ± 0.008 0.009 ± 0.001 2.6 ± 1.0 1.0 0.008 4/9.02 0.48 1.2-3 3-10 

Aqueous Yb-
citrate (pH 3.5) Yb-O 8.9 ± 0.6 2.309 ± 0.005 0.0078 ± 0.0007 5.2 ± 0.8 1.0 0.010 4/12.1 0.508 1.3-3 3-13.25 
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 361 
Figure 5. Data (black solid lines) and structural model fits (red dashed lines) for the Nd and Yb k3-weighted 362 

EXAFS spectra (left) as well as the corresponding Fourier transform magnitudes (center), and real 363 

component of the Fourier transforms (right).  Spectra are reported for (a) Nd adsorbed goethite at pH 6.0, 364 

(b) Yb adsorbed goethite at pH 6.0, (c) Yb-citrate adsorbed goethite at pH 7.0, and (d) an aqueous Yb-365 

citrate complex. Fitting parameters are reported in Table 1. 366 

 367 

Yb adsorbed to goethite at pH 6 was coordinated to 8.4±0.6 oxygen neighbors at 2.31 Å (Table 1), 368 

similar to previous observations for dissolved Yb3+ and an inner-sphere Yb complex on ferrihydrite.51,73 A 369 

structural model consisting of a mixture of edge-sharing bidentate, corner-sharing bidentate, and 370 

monodentate coordination to an iron octahedral reproduced the data well (Figure 5), yielding Yb-Fe 371 

interatomic distances of 2.83 Å, 3.44 Å, and 4.25 Å, respectively (Table 1). The edge- and corner-sharing 372 

Yb-Fe interatomic distances are 0.32 to 0.36 Å shorter than corresponding distances for adsorbed Nd. 373 

Approximately 0.19 Å of this difference can be attributed to the shorter Yb-O distance (Table 1), consistent 374 

with the smaller ionic radius of 8-coordinated Yb(III) compared to 9-coordinated Nd(III).74 The remainder 375 

of these differences in interatomic distance may result from limitations on lateral relaxation of oxygen 376 

surface functional group positions, creating smaller O-Nd-O angles that push this adsorbate further from 377 

Fe atoms in surface octahedra. Distinct distortions in these octahedra after Yb versus Nd adsorption or 378 

binding of Nd to functional groups with longer Fe-O bonds than Yb may also be responsible. 379 
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As for Nd, determining the distribution of adsorbed Yb in different surface binding configurations 380 

identified in the EXAFS fitting results (Table 1) requires accounting for the number of Fe neighbors for 381 

each complex. Corner-sharing bidentate complexes have two iron neighbors while the other two complex 382 

types each would have one. After accounting for these differences, the fitted coordination numbers (Table 383 

1) indicate that about half of the adsorbed Yb occurs as monodentate species and half as bidentate species. 384 

Note that fitting uncertainties yield a precision in the percentage of each species of approximately ±20%. 385 

In addition, the quantification of bidentate versus monodentate species may potentially be affected by the 386 

assumptions in our fitting model, which included assumptions that all Yb occurred as inner-sphere 387 

complexes and all Yb-Fe scattering paths had the same σ2 values. These assumptions were necessary to 388 

model the data because of parameter correlations but may introduce systematic errors that affect the 389 

accuracy of the relative abundance of species. 390 

The effect of citrate on Yb coordination with goethite was examined by EXAFS analysis of a 391 

sample prepared at pH 7 (Figure 5); citrate inhibits adsorption at lower pH (Figure 2), rendering EXAFS 392 

spectra unmeasurable because of the low Yb coverage. The first coordination shell changed little compared 393 

to the citrate-free sample at pH 6, with 7.7±0.7 oxygen neighbors at 2.30 Å (Table 1). While the spectrum 394 

appears to have substantial second-shell features (Figure 5), these are artifacts of the high noise level in the 395 

data, with features of similar amplitude extending out to high-R (Figure S9 in Supporting Information). An 396 

iron shell was not included in the final structural model (Table 1) because noise features dominate over real 397 

spectral components. In addition, an aqueous Yb-citrate complex also has second-shell features (Figure 5), 398 

likely from distal carbon and oxygen atoms from the coordinating citrate. Further, the Yb-O coordination 399 

in the citrate complex is not statistically-distinguishable from aqueous Yb3+ 51 or Yb adsorbed in the absence 400 

of citrate (Table 1), although it has a slightly more intense feature at ~8690 eV in the XANES spectrum 401 

(Figure S10 in Supporting Information). Unambiguous determination of Yb coordination to the goethite 402 

surface in the presence of citrate is thus difficult to achieve, even if the spectrum had less noise. 403 
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Interpretation of Nd, Dy, and Yb adsorption using surface complexation modeling 404 

A surface complexation model was implemented to describe Nd, Dy, and Yb adsorption to goethite 405 

as a function of water chemistry. The model sought to account for the effects of pH, electrolyte, DIC, and 406 

citric acid on adsorption.  407 

The equilibrium constants (pKa values) for surface protonation-deprotonation were determined by 408 

fitting the potentiometric titration data (Figure S11 in Supporting Information). The obtained pKa values 409 

were then used in modeling the REE adsorption data. The model also used the aqueous reactions provided 410 

in Table S1 of Supporting Information. The optimal fitting was achieved using the reactions in Table 2, and 411 

the logK values were obtained by minimizing the residual sum of squares error between the model output 412 

and the experimental data (expressed as percent of adsorption). The choice of REE surface complexation 413 

reactions was guided by the EXAFS results. Our model could successfully simulate adsorption over a broad 414 

range of conditions. In the absence of citrate (Figure 1 and Figure 2 a-c), one inner-sphere bidentate Nd 415 

surface complex could adequately fit the data. For Dy and Yb, the model incorporated an inner-sphere 416 

monodentate complex and an inner-sphere bidentate complex. According to the model, the proportion of 417 

monodentate and bidentate species at pH 6.0 with 0.01 M NaCl was 70% monodentate and 30% bidentate 418 

for Dy, and 45% monodentate and 55% bidentate for Yb, which is in good agreement with the proportions 419 

of Yb at this pH (50±20% monodentate and bidentate) suggested by the EXAFS results. Detailed simulated 420 

model speciation of adsorbed Dy and Yb is provided in Figure S12 in Supporting Information. In a previous 421 

study, the adsorbed Yb species to magnetite and hematite was described as an outer-sphere hydrolyzed 422 

tetradentate surface species, (≡FeOH)2(≡FeO-)2--Yb(OH)2
+.36 This conclusion was drawn based on X-ray 423 

analysis of yttrium adsorption onto rutile.75 However, our suggested Yb surface species on goethite are 424 

drawn from agreement of the surface complexation model and EXAFS spectra interpretation for samples 425 

of Yb on goethite.   426 

Surface complexes with different extents of hydroxide complexation of the REE were considered 427 

during the fitting processes. In addition to the surface species reported in Table 2 (reactions 10, 13, 14, 17, 428 
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and 18), we also identified other reactions (listed in Table S2 of Supporting Information) that could fit the 429 

data in the absence of citrate and had been used in previous studies.34,35 Specifically, reaction S1 could 430 

independently fit the Nd data, reactions S2 and S3 and reactions S4 and S5 in Table S2 could fit the Dy and 431 

Yb data (without citrate), respectively. However, when we attempted to account for the effects of citrate by 432 

including the adsorption of citrate to goethite (reactions 8 and 9 in Table 2), reactions in Table S2 tended 433 

to overestimate adsorption at high pH values (> 7.0), indicating their inability to accurately account for the 434 

inhibitory effect of REE-citrate aqueous complexes on adsorption. Consequently, these reactions (reactions 435 

S1-S5 in Table S2 of the Supporting Information) were excluded from the SCM. Instead, reactions 10, 13, 436 

14, 17, and 18 in Table 2 were employed for modeling, as they exhibited better alignment with the 437 

experimental data, especially at high pH (>7.0) in the presence of citrate.  438 

 439 

Table 2: Surface reactions used for the model. Kint is the intrinsic equilibrium constant using mole fraction 440 

as the standard state. For monodentate reactions, these values are the same, but there is an adjustment made 441 

for incorporating a multidentate surface complex into Visual MINTEQ.  442 

 Reaction Log Kint
e Source 

Surface protonation-deprotonationa 

1 ≡FeOH2
+ ⇌ ≡FeOH + H+ -7.10 

This work 2 ≡FeOH ⇌ ≡FeO- + H+ -11.30 

Electrolyte bindingb 

3 ≡FeOH + H+ + Cl- ⇌ ≡FeOH2
+--Cl- 9.46 

Lumsdon et al.59 4 ≡FeOH + Na+ ⇌ ≡FeO---Na+ + H+ -8.64 

5 ≡FeOH + Ca2+ + H2O ⇌ ≡FeO---CaOH+ + 2H+ -15.46 

Sverjensky et al. 
66 

6 4≡FeOH + Ca2+ ⇌ (≡FeOH)2(≡FeO-)2--Ca2+ + 2H+ -12.75 

7 4≡FeOH + Ca2+ + H2O ⇌ (≡FeOH)2(≡FeO-)2--CaOH+ + 2H+ -22.75 

Citrate adsorptionc 

8 ≡FeOH + 2H+ + Cit3- ⇌ ≡FeHCit- + H2O 18.35 Lackovic et al.67 
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9 2≡FeOH + 2H+ + Cit3- ⇌ (≡FeOH)(≡FeOH2
+)--Cit3- + H2O 13.59 

Nd adsorptiond 

10 2≡FeOH + Nd3+ + 2H2O ⇌ (≡FeO)2Nd(OH)2
- + 4H+ -20.97 

This work 11 ≡FeOH + H+ + Cit3- + Nd3+ ⇌ ≡FeOH2NdCit+ 20.33 

12 ≡FeOH + Cit3- + Nd3+ ⇌ ≡FeOHNdCit 14.40 

Dy adsorptiond 

13 ≡FeOH + Dy3+ + 3H2O ⇌ ≡FeODy(OH)3
- + 4H+ -20.48 

This work 

14 2≡FeOH + Dy3+ + 2H2O ⇌ (≡FeO)2Dy(OH)2
- + 4H+ -20.70 

15 ≡FeOH + H+ + Cit3- + Dy3+ ⇌ ≡FeOH2DyCit+ 20.09 

16 ≡FeOH + Cit3- + Dy3+ ⇌ ≡FeOHDyCit 13.77 

Yb adsorptiond 

17 ≡FeOH + Yb3+ + 3H2O ⇌ ≡FeOYb(OH)3
- + 4H+ -20.20 

This work 18 2≡FeOH + Yb3+ + 2H2O ⇌ (≡FeO)2Yb(OH)2
- + 4H+ -19.92 

19 ≡FeOH + Cit3- + Yb3+ ⇌ ≡FeOHYbCit 14.21 

a Obtained by fitting the potentiometric titration curve using SCM. 443 

b To incorporate the constants obtained from other references, which have different solid concentrations, 444 

site densities, and specific surface areas compared to the present study, a conversion process was employed. 445 

Details are available in Section S1 of Supporting Information. 446 

c Obtained by fitting the data from Lackovic et al. 447 

d Obtained by fitting the adsorption edges and isotherms using SCM. 448 

e Kint represents the intrinsic equilibrium constants that mass action equations are expressed on a mole 449 

fraction basis. 450 

 451 

The surface complexation modeling approach accounts for multiple effects of citrate 452 

simultaneously.  These are adsorption of citrate to goethite, REE-citrate aqueous complexation, and the 453 

adsorption of REE-citrate complexes to goethite (goethite-REE-citrate ternary surface complexation). The 454 
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contributions of both chemical and electrostatic interactions are included. Our modeling procedure started 455 

with binary citrate-goethite (reactions 8 and 9 in Table 2) and REE-goethite adsorption reactions (reactions 456 

10, 13, 14, 17, and 18 in Table 2). However, this model using just binary adsorption reactions 457 

underestimated adsorption when the pH was below 7.0 (Figure S13 in Supporting Information). The 458 

underestimation pointed to the need to include ternary goethite-REE-citrate adsorption reactions. After 459 

testing several possible ternary adsorption reactions, we found that including the ≡FeOHREECit species 460 

could increase the fit of the model for the range of pH 5.0 – 7.0 (~80% decrease in the sum of squares error). 461 

To account for the impact of citrate at pH below 5.0, another ternary species, ≡FeOH2REECit+, was needed 462 

(further ~15% decrease in the sum of squares error) (Figure 2 d-f). The overall model, which includes 463 

aqueous and surface complexes, also indicated that the decreased adsorption of REEs at high pH can be 464 

attributed to the formation of REE-citrate aqueous complexes. 465 

The SCM was also used to fit the adsorption data with varying REE loadings (Figure 4). Our model 466 

captures the trend of the data as well as the magnitude of the maximum adsorption capacity. The model 467 

output shows that the maximum adsorption capacities of Dy and Yb are about twice as large as that of Nd, 468 

which occurs because of the inclusion of only bidentate surface complex for Nd and both monodentate and 469 

bidentate surface complexes for Dy and Yb. 470 

Our initial efforts employed a double layer model (DLM) to simulate the adsorption data, which 471 

exhibited relatively simpler characteristics compared to the triple layer model. However, the assumption of 472 

a uniform potential between the surface plane and beta plane in the DLM resulted in poor agreement 473 

between the model and the experimental data, particularly with goethite at low pH.59 As a result, the TLM 474 

was chosen for this study due to its improved ability to elucidate the surface potential distribution more 475 

effectively. 476 

After deriving optimized logK values through the fitting of adsorption data, we assessed the 477 

predictive capacity of our model by applying it to predict the results of competitive adsorption experiments. 478 

Our model exhibited reasonable simulations for adsorbed REEs both in single-sorbate and multi-sorbate 479 
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experiments (Figure S6 in the Supporting Information). As previously mentioned, the adsorption of three 480 

REEs decreased when their individual loadings were 10 µM and they were combined in the same batch, as 481 

compared to being in separate batches. This decrease in adsorption can be attributed to the insufficiency of 482 

available sites to accommodate the total REE loading of 30 µM. The observed decrease in adsorption was 483 

effectively captured by our model output, thereby supporting our estimation of the site concentration (5.0 484 

sites/nm2).  485 

Besides the percentage of adsorption, the adsorption affinity could also be expressed as the 486 

distribution coefficient Kd. The obtained logK values from fitting the percentage of adsorption were also 487 

applied to calculate the logKd (Figure S14 in Supporting Information). The SCM output in the form of 488 

logKd agreed with the experimental data in the range of logKd from 2.0 to 6.0. Data points outside this range 489 

correspond to the percentage of adsorption below 5% or above 99.8% adsorption. Data has a logKd below 490 

2.0 and greater than 6.0 could not be accurately simulated because of the uncertainty in determining the 491 

difference between the total and equilibrium dissolved concentrations and the detection limit of ICP-MS, 492 

respectively. 493 

This study enhanced the understanding of the impact of water chemistry on the REEs retention by 494 

ion adsorption deposits. The insights from the SCM may also offer a reference for predicting the fate of 495 

other trivalent containments at the water-iron oxide interface. An understanding of the coordination 496 

characteristics of REEs at the interface with iron oxides would also facilitate the efficacious extraction of 497 

REEs. 498 

 499 

Conclusions 500 

The adsorption of Nd, Dy, and Yb to gothite was investigated under a broad range of water 501 

chemistry conditions. Adsorption increased from essentially no adsorption below pH 5.0 to nearly complete 502 

adsorption above pH 6.5. Citrate enhanced the adsorption of REEs at low pH (< 5.0), likely by forming 503 

goethite-REE-citrate ternary complexes. However, it inhibited the adsorption of REEs at higher pH (> 5.0) 504 
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by forming aqueous REE-citrate complexes. The presence of Ca2+ slightly inhibited the adsorption of REEs. 505 

Ionic strength exhibited a small influence on REEs adsorption, and dissolved inorganic carbon had no 506 

discernible effect on REEs adsorption. While the adsorption affinity of Nd, Dy, and Yb for goethite are 507 

similar, Dy and Yb exhibited a higher adsorption capacity than Nd. This together with EXAFS results 508 

suggests that Nd has bidentate coordination to the goethite surface while adsorbed Dy and Yb also involved 509 

monodentate surface complexes. A surface complexation model with an inner-sphere bidentate surface 510 

complex for Nd and two inner-sphere surface complexation reactions (one bidentate and one monodentate) 511 

for Dy and Yb could simulate the data for each REE studied without citric acid. To account for the effects 512 

of citrate on adsorption, two additional ternary goethite-REE-citrate adsorption reactions were included to 513 

account for the increase in adsorption below pH 5.0 that is induced by the presence of citrate. The ternary 514 

surface complexes were only important below pH 5.0, and the model successfully predicted the lower 515 

adsorption in the presence of citrate above pH 5.0 that was caused by the formation of soluble aqueous 516 

REE-citrate complexes. The adsorption of REEs is notably influenced by water chemistry, particularly pH, 517 

which can serve as an indicator of potential REE accumulation alongside secondary minerals formed during 518 

weathering. Organic acids, commonly associated with weathering processes, do not always impede REE 519 

uptake by iron oxides. At low pH (<5.0), organic acids may even enhance REE adsorption by iron oxides. 520 

 521 

Associated Content 522 

Supporting Information 523 

The Supporting Information is available free of charge at xxxxx. 524 

Procedures for implementing surface reactions.  Full set of aqueous reactions considered along with 525 

calculated aqueous speciation and equilibrium solubility of Nd, Dy, and Yb.  Additional surface 526 

complexation modeling information that includes binary-goethite-REE reactions, predictions of 527 

competitive REE adsorption, speciation of adsorbed Dy and Yb, and fitting of adsorption data on the basis 528 

of distribution coefficients.  XANES spectra for Nd and Yb.  X-ray diffraction and zeta-potential 529 
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characterization of the goethite.  Results of time series adsorption experiments and control experiments to 530 

assess potential precipitation and in the absence of goethite.  Potentiometric titrations of goethite.   531 
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 S3 

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 (K0). However, K0 values of surface complexation reactions are influenced 

by site density, surface area, and solid concentration.1 In order to use the constants from other 

studies where these parameters differ from those in this study, a conversion of K0 to sorbent-

independent intrinsic equilibrium constant (Kθ) was applied using equation S1.2,3 Subsequently, 

the K0 values used in this study were then calculated from Kθ according to the specific site density, 

surface area, and solid concentration. 

𝐾𝐾10 �
(𝑁𝑁1𝐴𝐴1)𝑛𝑛

𝑁𝑁∗𝐴𝐴∗
�𝐶𝐶𝑠𝑠1𝑛𝑛−1 = 𝐾𝐾20 �

(𝑁𝑁2𝐴𝐴2)𝑛𝑛

𝑁𝑁∗𝐴𝐴∗
�𝐶𝐶𝑠𝑠2𝑛𝑛−1 (𝑆𝑆1) 

In equation S1 N* and A* are the reference site density (N* = 10 × 1018 sites/m2) and specific 

surface area (A* = 10 m2/g), N is site density (sites/m2), A is specific surface area (m2/g), Cs 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.1 The input of logKs in Visual MINTEQ 3.1 are intrinsic 

equilibrium constants  (Kint), which use mole fraction to be the activity of surface species.4 The 

molarity-based constants (K0) for reactions 6 and 7 were converted into Kint by equation S25 in 

order to be inputted into Visual MINTEQL 3.1 to be used correctly for equilibrium speciation 

calculations. 

𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐾𝐾0 �
𝐶𝐶𝑠𝑠𝑁𝑁𝑁𝑁
𝑁𝑁𝐴𝐴

�
𝑛𝑛−1

(𝑆𝑆2) 

In equation S2 Kint is the mole fraction-based equilibrium constant, K0 is the molarity-based 

equilibrium constant, and NA is Avogadro’s number (6.023 × 1023 #/mol)
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Table S1: Aqueous reactions used in equilibrium modeling. 
Reaction Log K 
Neodymium hydroxyl complexesa  

Nd3+ + H2O ⇌ NdOH2+ + H+ -8.16 

Nd3+ + 2H2O ⇌ Nd(OH)2
+ + 2H+ -17.04 

Nd3+ + 3H2O ⇌ Nd(OH)3 + 3H+ -26.41 

Nd3+ + 4H2O ⇌ Nd(OH)4
- + 4H+ -37.10 

2Nd3+ + 2H2O ⇌ Nd2(OH)2
+ + 2H+ -13.89 

Neodymium carbonate complexesb  

Nd3+ + CO3
-2 ⇌ NdCO3

+ 7.63 
Nd3+ +2CO3

-2 ⇌ Nd(CO3)2
- 12.17 

Nd3+ + H + CO3
- ⇌ NdHCO3

2+ 12.61 
Neodymium nitrate complexesa  

Nd3+ + NO3
- ⇌ NdNO3

+2 0.79 
Neodymium chloride complexesa  

Nd3+ + Cl- ⇌ NdCl+2 0.32 
Nd3+ + Cl- ⇌ NdCl2+ 0.02 
Nd3+ + Cl- ⇌ NdCl3 -0.34 
Nd3+ + Cl- ⇌ NdCl4- -0.74 
Neodymium citrate complexesc  

Nd3+ + Cit-3 ⇌ NdCit 9.51 
Dysprosium hydroxyl complexesa  

Dy3+ + H2O ⇌ DyOH2+ + H+ -7.59 
Dy3+ + 4H2O ⇌ Dy(OH)4

- + 4H+ -33.5 
Dy3+ + 2H2O ⇌ Dy(OH)2

+ + 2H+ -16.1 
Dy3+ + 3H2O ⇌ Dy(OH)3 + 3H+ -24.4 
Dysprosium carbonate complexesb  

Dy3+ + CO3
-2 ⇌ DyCO3

+ 7.56 
Dy3+ +2CO3

-2 ⇌ Dy(CO3)2
- 12.91 

Dy3+ + H + CO3
- ⇌ DyHCO3

2+ 12.83 
Dysprosium nitrate complexesa  

Dy3+ + NO3
- ⇌ DyNO3

2+ 0.15 
Dysprosium chloride complexesa  

Dy3+ + Cl- ⇌ DyCl+2 0.27 
Dy3+ + Cl- ⇌ DyCl2+ -0.07 
Dy3+ + Cl- ⇌ DyCl3 -0.46 
Dy3+ + Cl- ⇌ DyCl4- -0.89 
Dysprosium citrate complexesc  

Dy3+ + Cit-3 ⇌ DyCit 9.34 
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Ytterbium hydroxyl complexesa  

Yb3+ + H2O ⇌ Yb OH2+ + H+ -7.24 
Yb3+ + 4H2O ⇌ Yb(OH)4

- + 4H+ -32.7 
Yb3+ + 2H2O ⇌ Yb(OH)2

+ + 2H+ -15.75 
Yb3+ + 3H2O ⇌ Yb(OH)3 + 3H+ -23.86 
Ytterbium carbonate complexesb  

Yb3+ + CO3
-2 ⇌ YbCO3

+ 7.81 
Yb3+ +2CO3

-2 ⇌ Yb(CO3)2
- 13.3 

Yb3+ + H + CO3
- ⇌ YbHCO3

2+ 12.86 
Ytterbium nitrate complexesa  

Yb3+ + NO3
- ⇌ YbNO3

+2 0.25 
Ytterbium chloride complexesa  

Yb3+ + Cl- ⇌ YbCl2+ 0.16 
Yb3+ + Cl- ⇌ Yb Cl2+ -0.27 
Yb3+ + Cl- ⇌ Yb Cl3 -0.73 
Yb3+ + Cl- ⇌ Yb Cl4- -1.22 
Ytterbium citrate complexesc  

Yb3+ + Cit-3 ⇌ YbCit 9.65 
Auxiliary reactionsd  
CO3

2− + 2H+ ⇌ H2CO3
* 16.68 

CO3
2− + H+ ⇌ HCO3

- 10.33 
Cit3- + 3H+ ⇌ H3Cit 14.29 
Cit3- + 2H+ ⇌ H2Cit- 11.16 
Cit3- + H+ ⇌ HCit2- 6.40 

a Constants obtained from Haas et al.,1995.6   
b Constants obtained from Luo and Byrne, 2004.7 
c Constants obtained from NIST 46 database.8 
d Constants obtained from MINTEQ default database.9  
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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 + Nd3+ ⇌ (≡FeO)2Nd+ + 2H+ 

Dy 
S2 ≡FeOH + Dy3+ + H2O ⇌ ≡FeODyOH+ + 2H+ 

S3 2≡FeOH + Dy3+ ⇌ (≡FeO)2Dy+ + 2H+ 

Yb 
S4 ≡FeOH + Yb3+ + H2O ⇌ ≡FeOYbOH+ + 2H+ 

S5 2≡FeOH + Yb3+ ⇌ (≡FeO)2Yb+ + 2H+ 
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Figure S1. Dominant aqueous Nd (a-c), Dy (d-e), and Yb (g-i) species in systems that are open to 
the atmosphere (figures on the left), carbonate-free (figures on the center), and with 100 µM 
citric acid (figures on the right). Speciation is shown for a total REE loading of 10 µM and 0.01 
M from NaCl. 
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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 µM 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. 
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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 µM and the total citrate concentration 
was 100 µM. The electrolyte was 0.01 M NaCl, and the experiment was open to the atmosphere.  
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Figure S5. Zeta potential of goethite with and without 100 µM 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 µM and (c and d) 10 µM. 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 µM and 10 µM 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 (c) Yb. REE(OH)3 and 
REE2(CO3)3 were considered. The precipitates predicted to form at equilibrium were Nd2(CO3)3, 
Dy(OH)3, and Yb(OH)3. 
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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(III) 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. 
  



 S17 

 

 
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 NaCl, and (c) 
and (g) 0.01 M CaCl2. 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 µM. 
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Figure S13. Adsorption of (a) Nd, (b) Dy, and (c) Yb in the presence 100 µM 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 µM, 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)2Nd(OH)2

- 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-i) Yb. (a), (d), and (g) are the effect of electrolyte, (b), (e), and (h) are the 
effect of dissolved inorganic carbon, and (c), (f), 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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