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Highlights:

At high and low metal loading, the structure of Sm and Yb complexes with humic acid
are determined by EXAFS spectroscopy.

Model VI predicts that Yb and Sm tend to bind to strong humic N-containing groups
at low metal loading.

At low metal loading the presence of N could not be demonstrated, in contrast with
reference complexes with IDA, NTA or EDTA.

At high metal loading, carboxylic humic groups are found to be coordinated in
bidentate mode.

The results are discussed in the context of cation competition and supramolecular
structure of metal-humate complexes.
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ABSTRACT. Humic substances are major natural complexing agents that strongly influence
the cycling of metal cations in the environment. The metal to humic acid (HA) concentration
ratio (metal loading) can significantly impact the overall HA complexation properties in
natural soils and waters. At low metal loading, cations bind to strong multi-carboxylate or -
phenolate sites of HA. In addition, these strong sites might contain soft Lewis bases such as N
or S, the contribution of which is still a matter of debate. Based on the possible ability of Rare
Earth Elements (REE) to trace HA binding properties, the present study aimed at evaluating
the influence of REE-loading on the HA binding mechanisms of two hard Lewis acids, Sm®*
and Yb**. Extended X-ray Absorption Fine Structure (EXAFS) at the Sm and Yb L, edge
was used to analyze the local coordination of these intermediate and heavy REE ions,
respectively, in a low and a high REE-loading HA sample. Data were interpreted by
comparison with EXAFS data for a series of aqueous REE complexes with iminodiacetic acid
(IDA), nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA) and a carboxylic-
grafted resin. In all these samples, both a Yb-O (~2.31 A) and a Yb-N (~2.50 A)
backscattering path could be identified in the first coordination shell of Yb. At low REE
loading, the first coordination shell around the Yb bond to HA is described by a single Yb-O
backscattering path, i.e. the presence of N could not be evidenced. By contrast, the
carboxylic-grafted resin exhibits both a short (2.31 A) and a long Yb-O average distance (2.44
A), suggesting the coordination of carboxylate is bidentate. The Fourier transform of the high
loading HA samples exhibits a broad first shell peak possibly described by two Yb-O
distances (2.29 and 2.43 A) suggesting two coordination modes of the carboxylic groups.
Different Yb-HA complex structures can therefore be observed at different metal loadings.
Unfortunately, the Sm EXAFS spectra could only be recorded up to k = 10 A™. There was no
evidence of either a clear difference between the metal loadings or with Yb-HA complex

structures. A comparison between the EXAFS results, PHREEQC-Model VI simulations, and



the pattern of the REE complexation constants with simple organic ligands (REE:ligand 1:1
and 1:2 complexes) provides evidence that, at high loading, REE are bound to HA through bi-
ligand complexes without any chelation effect in which REE may potentially act as a cation
bridge between two organic molecules. At low loading, the fact that N could not be detected
in the Yb first shell suggests that, at low loading, Yb binds to O-containing groups of HA
rather than N-containing groups. This may call into question the definition of HA strong sites

for REE binding such as soft Lewis base-containing sites.



1. INTRODUCTION

Humic substances, such as humic acids (HA), are ubiquitous in the environment and
show high binding capacity for dissolved cations. Although huge efforts have been made to
determine HA-cation thermodynamic complexation constants in environmentally relevant
conditions (e.g. Benedetti et al., 1995; Tipping, 1998; Kinniburgh et al., 1999; Iglesias et al.,
2003; Milne et al., 2003; Marang et al., 2008; Catrouillet et al., 2014), the mechanisms
underlying these complexation reactions are not yet fully understood. This is mainly due to
the extreme heterogeneity of functional groups in HA (Sutton and Sposito, 2005). Metals can
form a large variety of complexes with HA, leading to apparent complexation constants that
depend on the pH and on the metal/HA concentration ratio (metal loading). The major HA
cation-binding groups are the carboxylic and phenolic groups (Ritchie and Perdue, 2003), but
less abundant softer Lewis bases (e.g. N- and S-containing groups) can also enhance cation-
HA complexation (Tipping 1998, Hesterberg et al., 2001). When several functional groups
bind to a single cation, the denticity of the complex increases, e.g., a bidentate complex forms
when two functional groups bind to the same cation. Such multidentate complexes can either
form a cation bridge between different organic molecules (Kunhi Mouvenchery et al., 2012)
or a chelate complex when the binding groups are sufficiently close enough to each other. The
cation-HA complexation constant can then be enhanced due to the chelation effect (Martell

and Hancock, 1996). However, steric effects limit the abundance of chelating ligands in HA.

Rare earth elements (REE) are a group of fourteen stable metallic elements of unique
importance in geosciences because of their coherent chemical properties (Henderson, 1984).
Characteristic REE signatures in waters can thus be related to specific biogeochemical
processes (such as weathering, sorption or complexation). In organic-rich waters, field and
experimental studies have provided evidence for dominant REE binding to colloidal humic

substances (Tang and Johannesson, 2003; Pourret et al., 2007). In the laboratory, results from



REE-HA complexation experiments have shown two distinct REE patterns that depend on the
relative HA to REE concentration ratio, which may be interesting tracers of HA binding
properties. These two patterns correspond to (i) preferential binding of Middle Rare Earth
Elements (MREE) at a high REE loading (Pourret et al., 2007) and (ii) preferential binding of
heavy REE (HREE) at a low REE loading (Sonke and Salters, 2006) (Figure S1). The first
pattern is interpreted as a preferential complexation of MREE to the low affinity but abundant
carboxylic groups. In contrast, the second pattern might be explained by the “lanthanide
contraction effect”, which may favor complexation of heavy REE to high-affinity but less
abundant multi-ligand sites (chelates). Such -increasing denticity of the complexes with
decreasing REE loading was supported by modelling calculations that used a semi-
mechanistic binding model (Model VI: Tipping, 1998; PHREEQC-Model VI: Marsac et al.,
2010; 2011). However, this hypothesis is not yet supported by structural data (Rabung and

Geckeis, 2008).

In advanced models, several cation-HA binding processes are explicitly or implicitly
taken into account. In particular, Model VI (or Model VII: Tipping et al., 2011) account for
both the chelation effects and the participation of N- and S-containing groups via one single
parameter, ALKy, that is specific for each cation. This parameter is applied to a small amount
of binding groups to which all cations are expected to bind at low metal loading. Although
ALK is generally estimated from cation-NH3; complexation constants, spectroscopic studies
have shown that some cations bind to other types of high affinity functional groups. For
instance, Hg(Il) preferentially binds to thiol groups at a low metal/DOC ratio (e.g. Hesterberg
et al., 2001), whereas Cu(ll) forms a chelate ring, the size of which depends on the weak or
strong sites involved (Manceau and Matynia, 2010). The contribution of amino groups to Cu-
HA binding is mainly supported by thermodynamic considerations (e.g. Carbonaro et al.,

2011). According to the hard and soft acid and base principle given by Pearson (1963), the



soft (Hg*") and intermediate (Cu®*) acids are expected to bind strongly to soft bases such as
N- and S-containing HA groups. By contrast, REE trivalent ions are hard acids with very low
affinity for NHs, which suggest that other types of HA functional groups may explain the
metal loading effect on REE-HA complexation (Marsac et al., 2011). However, REE binding
to N-containing ligands in HA also cannot be excluded in view of the high stability of the
REE complexes with smaller N-containing ligands (e.g. in Byrne and Li, 1995; Choppin et al.,

2006).

Recently, several studies have demonstrated the ability of Extended X-ray Absorption
Fine Structure (EXAFS) to investigate the nature of REE-organic matrix complexes (Wang et
al., 2001; Ding et al., 2006; Ngwenya et al., 2009; Takahashi et al., 2010), as well as of REE-
mineral surface complexes (Ohta et al., 2009a,b). EXAFS cannot directly differentiate
between nearest neighbors of the REE ion having comparable atomic numbers, such as O and
N, because these neighbors have similar photoelectron backscattering amplitude functions.
However, since interatomic distances can be accurately determined by EXAFS, O and N can
often be differentiated as nearest neighbors of the REE, based on distinct coordination bond
lengths. For instance, crystallographic data on REE-organic compounds (e.g. Nakamura et al.,
1995; Janicki et al., 2008) as well as EXAFS analysis of comparable aqueous complexes
(Narita et al., 2001; Mathur et al. 2006; Denecke et al., 2007) show that REE-N bonds are
generally longer than REE-O (~ 0.2-0.3 A difference). In addition, EXAFS studies have
revealed different binding sites or coordination modes between LREE and HREE at the
surface of bacterial cells (Takahashi et al., 2010) as well as on mineral surfaces (Ohta et al.,
2009a,b). Similar differences between LREE and HREE binding modes are expected for
complexation to HA, as suggested by thermodynamic calculations (Marsac et al., 2011),
cation competition experiments (Marsac et al., 2012, 2013) and infra-red spectroscopy

measurements (Gangloff et al., 2014).



The main objective of the present study is to investigate the molecular environment of
REE bound to humic acid at various loadings in order to determine which sites are involved in
REE complexation to humic acids. The results are closely compared with the
PHREEQC/Model VI prediction of REE speciation in the HA molecule to understand the
meaning of the “strong binding site term” ALK, for REE, i.e. whether it is due to a chelation
effect or to the participation of N-containing ligands in the complex. In addition the structure
of MREE (Sm) and HREE ('Yb) complexes with HA are determined and compared in order to
verify whether all REE share the same type of preferential binding sites, as previously

questioned.

2. MATERIALS AND METHODS

All chemicals were of analytical grade, with all experimental solutions prepared with
doubly deionised water (Milli-Q system, Millipore®). Synthetic REE solutions were prepared
from a nitrate REE standard solution (1000 mg.L™, Accu Trace Reference Standard). All

experiments were performed at room temperature, i.e. 20°C * 2.

2.1. Sample preparation

Both Sm*®" (middle REE) and Yb** (heavy REE) were chosen for their redox stability,
which minimizes radiation damage under the synchrotron beam. Leonardite Humic acid (HA)
was obtained from the International Humic Substances Society (IHSS). For each sample, 500
mg of HA was dissolved in 100 mL of a 0.01 M of NaOH + 0.1 M NaNOj solution overnight.
This HA solution was then increased to 500 mL with a 0.1 M NaNOs solution and adjusted to
pH 7 by adding 1 M HNO3. REE were added to this HA solution and the pH was readjusted to

7 by adding small amounts of NaOH. Two REE concentrations were investigated to study the



metal loading effect: 10 and 10®° M, corresponding approximately to 20% and 0.2% of the
total Leonardite HA proton exchange capacity (PEC). These experimental conditions are
similar to those in previous studies (i.e. Sonke and Salters, 2006; Pourret et al. 2007; see
supporting information for more details), and they ensure that nearly 100% of the REE are
complexed to HA. After 1 week, the HA suspensions were concentrated by tangential
ultrafiltration at 5 kDa (Labscale TFF system equipped with a Pellicon XL membrane,
Millipore™) in order to reduce the volume of the HA solutions from 500 mL to 50 mL, and
dried at room temperature. The solid contained 150 and 1.5 mg.g™ HA of each REE, for the
high and low loading respectively. These REE-HA samples at low and high REE loading are
referred to as L7 and H7 samples in the following text.

Aqueous Sm*- and Yb**-organic complexes were prepared to mimic complexes
formed with HA. Iminodiacetic acid (IDA), nitrilotriacetic acid (NTA) and
ethylenediaminetetraacetic acid (EDTA) were used as reference chelate ligands with different
numbers of carboxylic and amino-groups (Figure S2). NTA and EDTA were purchased from
Sigma-Aldrich™. They were reacted with dissolved Sm** or Yb* in 1:1 ratio at a
concentration of 5x10° M at pH 7 and with 0.1 M of NaNOs in order to obtain dissolved
REE-NTA or -EDTA complexes. The Sm*- and Yb**-IDA complexes were prepared using a
cation exchange resin (Amberlite chelating resin IRC-748) purchased from Supelco™. This
resin consists of a polyacrylic copolymer grafted with IDA and has a total exchange capacity
of 4.4 meq g™. A 1 g resin suspension was prepared at pH = 7, 0.1 M NaNO; and 5x10™° M of
Sm or Yb (total sample volume: 10 mL) one week before the synchrotron beamtimes. For the
EXAFS data measurements, the solution was discarded and the wet resin was placed in a
sample holder. Additionally, a carboxylic-grafted resin (Amberlite weak cation exchanger
resin IRC-86; total exchange capacity: 10.7 meq.g™; referred to as COOH resin in the

following text) was chosen as a reference for REE binding to a single carboxylate ligand. The



procedure for the carboxylic resin was the same as for the IDA resin. Both resins were
consequently loaded at approximately 1% of their exchange capacity by REE.

Under some of our experimental conditions, when considering the total Sm and Yb
concentration, the saturation index with respect to amorphous hydroxides might be exceeded
in the absence of organic ligands. Indeed, the solubility limit of trivalent lanthanide/actinides
for pH = 7 and an ionic strength of 0.1 M is approximately 10° M (Neck et al., 2009).
However, prior to the preparation of the samples, speciation calculations were made using the
IUPAQ stability constant database (2001) and the experimental conditions were defined in
order to avoid precipitation in the presence of the investigated ligands. EDTA, NTA and IDA
are strong chelating ligands and complex almost 100% of REE in equimolar conditions at pH
= 7. For the carboxylic resin, only a 1:1 Sm**- and Yb**-acetate complexation was considered
in the calculation. The wide excess of carboxylic groups is expected to avoid any

precipitation.

2.2. EXAFS measurements and analyses

Yb (8.9 keV) and Sm (6.7 keV) Ly-edge EXAFS data were collected at room
temperature using a Si(111) monochromator and 19-element and 13-element Ge solid-state
Canberra fluorescence detectors on beamlines BL12C at the KEK Photon Factory (Tsukuba,
Japan) and BM23 at the European Synchrotron Facilities (ESRF, Grenoble, France),
respectively. The Yb and Sm-HA powders were analyzed in pellet form at beamline BL12C.
EDTA and NTA complexes were recorded in aqueous solution on BL12C while IDA and
COOH wet resins were recorded on BM23. Between 3 and 30 scans of 40 min were collected
for each sample depending on the signal-to-noise ratio. No radiation damage was observed

during data acquisition, since multiple scans gave identical spectra to one another.
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EXAFS data were extracted using the Athena program with the energy threshold taken at
the first inflection point of the edge (Ravel and Newville, 2005). The k>-weighted EXAFS
data were Fourier transformed over the 2.5 - 9 and 2.5 — 12.5 A™! k-ranges for Sm and Yb,
respectively, after applying a Kaiser—Bessel window with a Bessel weight value of 2.5. The
k*-weighted EXAFS data were fit using a classical shell-by-shell procedure using the Artemis
program (Ravel and Newville, 2005) based on the IFEFFIT code (Newille 2001). Theoretical
backscattering amplitude and phase-shift functions used in this fitting procedure were
calculated using the FEFF8.2 code (Ankudinov et al., 1998) using the crystal structures of
[C(NH3)3]2[ Yb(EDTA)(H,0),]CIO4-6H,0 (referred to as Yb-EDTA,; Janicki et al., 2008) and
Yb(HCOO)3(H20), (referred to as Yb-formate; Furmanova et al., 1983) and the structure of
Na[Eu(EDTA)(H20)3]-5H,0 (referred to as Eu-EDTA; Nakamura et al., 1995) replacing Eu
by Sm, which are neighbors in the periodic table. Similar results were obtained when
replacing Nd by Sm in the structure of Nd-EDTA (Nakamura et al., 1995). The fit quality was
assessed using the reduced y2 i.e. the ¥*> weighted by the degree of freedom. Reported
uncertainties in the present study are obtained by the fitting procedure. Nevertheless, the
uncertainties should be considered, in the best case, as £ 20% on coordination numbers, +

0.02 A on bond distances and + 20% on Debye-Waller factors (O’Day et al., 1994).

2.3. REE-HA complexation using Model VI

The humic ion-binding Model VI was developed by Tipping (1998) and a detailed
description can be found in his article. In Model VI, HAs are described as discrete acido-basic
chemical functional groups (carboxylic and phenolic) able to bind cations, forming either
monodentate, bidentate or tridentate complexes. When referring to this modeling approach in
the present study, these binding complexes will be denoted as “multi-ligand” sites to

distinguish them from actual coordination complexes with given denticity. The proportion of
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mono-, bi- and tri-ligands sites in the model is set to 43.5%, 50% and 6.5% of the total site
density. For most of the bi- and tri-ligand sites, no chelation effect is considered. For instance,
the formation constant (log Kj.,) between a cation and a bi-ligand site involving site 1 and site
2 is defined as log Ki» = log K; + log K, where log K; and log K; represent the
corresponding formation constants for the mono-ligand-cation complexes. For a minor
proportion of the bi- and tri-ligand sites (9.9 %), the stability constant is increased by a
“strong binding site term” (ALKS>) that accounts for both the chelation effect and the potential
participation of additional softer atoms (e.g. N or S) in the binding. The effect of ionic
strength is considered by applying a correction term to the stability constants based on the
Gouy-Chapman theory. Finally, cation accumulation in the vicinity of an HA molecule is
calculated with the Donnan model.

Model VI was originally implemented in the speciation code WHAM 6. Model VI
equations were recently introduced into PHREEQC (version 2) developed by Parkhurst and
Appelo (1999) for the whole REE group (Marsac et al., 2011). PHREEQC is a speciation
code, which was designed to perform speciation and saturation-index calculations in water.
PHREEQC/Model VI coupling allowed the REE-HA binding description to be improved,
notably by removing the linear relationship imposed by Model VI between the carboxylic-
and phenolic-cation binding parameters, and by imposing new constraints. A detailed
description is given in Marsac et al. (2011). In the present study simulations were performed
using PHREEQC/Model V1 for the low and high REE loading experiments to determine (1)
the average number of HA functional groups coordinated to Sm and Yb and (2) the fraction of
REE complexed to the strong binding site (i.e., ALK, dependent), which was compared to the

structural parameters determined by EXAFS.

3. RESULTS
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3.1. REE speciation in the HA samples studied as predicted with PHREEQC/Model VI.

As discussed in detail in the supporting information, the presently investigated
experimental conditions are similar to the ones used by Sonke and Salters (2006) (i.e. low
loading: Sm- and Yb-L7) and Pourret et al. (2007) (i.e. high loading: Sm- and Yb-H7) for
investigating REE-HA complexation processes. Both experimental datasets were previously
used to calibrate the PHREEQC/Model VI parameters for REE by Marsac et al. (2011). Sm-
and Yb speciation with HA are calculated for the present samples using PHREEQC/Model VI.
According to the predicted average number of coordinated HA ligands and the proportion of
strong binding sites, Sm and Yb show the same speciation. The predicted average number of
HA groups coordinated to both REE is 2.1 (H7) and 2.8 (L7): 13% of both REE are predicted
to be complexed to tri-ligand sites for sample H7 versus 75% for L7. REE complexation to
the strong binding sites is predicted to increase from 16% for H7 to 99% for L7. Therefore,
according to PHREEQC/Model VI, significant variations in the nature of the REE-HA
complexes can be expected between high (H7 samples) and low (L7 samples) REE loading.
At low loading, REE speciation with HA molecules is predicted to be dominated by the
strongest tri-ligand sites whereas weaker sites and bi-ligand sites are the major REE binding
sites at high loading.

According to PHREEQC/Model V1, the amount of REE outer-sphere complexes in the
Donnan volume was found to be insignificant and the amount of REE-mono-ligand
complexes was found negligible. According to previous studies, the major difference between
Sm and Yb predicted speciation with HA relies on the nature of the binding groups, Yb being
more strongly bound to HA phenolic groups than Sm (Marsac et al., 2011; Gangloff et al.,
2014). However, the amount of Yb complexed to phenolic HA groups is predicted to be only

5% higher than Sm in the present EXAFS samples. Indeed, by studying a single REE and a
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purified HA, no inter-cation (including inter-REE) competition occurs and each type of HA
site is available for Sm or Yb complexation. This leads to more similar predicted speciation
for Sm and Yb with Model VI than in Marsac et al. (2011). Furthermore, REE-O bond
distances in carboxylate and phenolate complexes might be too similar to be differentiated by
EXAFS in the present study (e.g. as for U(VI): Schmeide et al., 2003; or for Np(V): Sachs et

al., 2005).

3.2 EXAFS analysis of the reference Yb-ligand complexes.

Figure 1 displays the k3-weighted EXAFS spectra and their corresponding Fourier
transforms for all Yb-HA and reference organic complexes for Yb. All reference spectra
exhibit a first-shell peak at around R + AR ~ 1.9 A in the FT which can be assigned to O or N.
A second contribution is observed at R + AR ~ 2.6 A. The intensity of this second peak
increases with the number of coordinating groups in the complex (i.e. EDTA > NTA > IDA),
which suggests that it can be assigned to C in the second shell. It is not observed clearly for
the carboxylic resin (Yb-COOH sample), in which the REE ion is expected to bind to a single
carboxylic group. Finally, a third contribution is observed for 3.5 < R + AR < 4.5 A. This
signal is broad and seems to contain at least two contributions at R + AR ~3.7 A and R + AR
~ 4.1 A, as can be observed for the double peak on the FT of Yb-EDTA. If Yb-(hydr)oxide or
polynuclear species were formed, an interaction between Yb-Yb would be observed at this
distance (e.g. Yb,Os3, Kizler et al. 1997). However, Yb-(hydr)oxide precipitation is not
supported by preliminary thermodynamic calculations. Furthermore, the intensity of this peak
also increases with the number of coordinating groups in the ligand (e.g. EDTA > NTA >
IDA), suggesting more distant atoms or multiple scattering.

Results of EXAFS spectra fitting for the Yb complexes are reported in Table 1. For the

Yb-EDTA sample, the best fit of the first coordination sphere around Yb is obtained with
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6.520.8 O atoms at R = 2.29 + 0.01 A and 2.3 + 0.4 N atoms at 2.50 + 0.03 A. This result is in
relatively good agreement with crystallographic data. According to Janicki et al. (2008), in
both crystalline and dissolved states, EDTA forms a 1:1 chelate complex in which Yb is
bound to four carboxylic groups in a monodentate fashion, two amino groups and two water
molecules. A cartoon of the structure of the Yb-EDTA complex is shown in figure S3.
However, the two types of Yb-O distances cannot be resolved with our EXAFS data. In the
crystalline form, the first coordinating oxygen atoms around Yb in the Yb-EDTA complex
can thus be considered as a shell of six O atoms at a distance of 2.28 A on average (standard
deviation: 0.04 A), which compares well with the distance of 2.29 + 0.01 A determined by
EXAFS (Table 1). The Yb-N distance observed by EXAFS (2.50 + 0.03 A) is slightly shorter
than that in the crystalline form (2.58 A; standard deviation: 0.01 A), which could be
attributed to a solvation effect. Nevertheless, the average Yb-first neighbor distance
determined by EXAFS in the dissolved Yb-EDTA is similar to that reported for crystalline
Yb-EDTA (~ 2.34 A). It is important to note that XRD provides more accurate bond distances
than EXAFS. The standard deviation calculated here from the crystallographic data does not
correspond to the uncertainty associated with a bond distance determination, as is the case for
EXAFS analysis. It would rather indicate static disorder, which corresponds to the Debye-
Waller factor determined by EXAFS.

In the second shell of Yb, 8.3 + 2.0 C atoms are found at 3.23 + 0.01 A, in agreement
with the 10 C atoms expected to surround Yb at an average distance of 3.28 A (standard
deviation: 0.10 A) in the Yb-EDTA complex. This C atom shell actually consists of two sets
of atoms with distinct average Yb-C distances (3.18 and 3.36 A; standard deviations: 0.02 and
0.06 A, respectively), due to the dissimilar Yb-O and Yb-N bond distances. This cannot be
resolved by our EXAFS data. However, it explains the high Debye-Waller factor value (i.e.

0.012 A2) for the Yb-C shell (Table 1). Finally, the third contribution to the EXAFS spectrum
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could only be fit with a multiple scattering path Yb-O-O (or Yb-C-O) within the carboxylate
complex (CN =10.3 + 2.6; R = 4.44 + 0.01 A), where the distant O atom is an uncoordinated
oxygen of the carboxylate. Attempts to include other paths did not result in reliable EXAFS
parameters. The Yb-O-O path length is in good agreement with crystallographic data (4.39 A;
standard deviations: 0.03). The atoms are relatively well aligned within this Yb-O-O (or Yb-
C-0O) path, with bond angles close to 150°, which favors the observation of multiple scattering
by EXAFS.

NTA and IDA are relatively similar molecules to EDTA. Only the number of
coordinated functional groups differs. In the NTA molecule, three carboxylate and one
nitrogen are coordinated to Yb. In the IDA molecule two carboxylate and one nitrogen are
coordinated to Yb. Therefore, the structure of Yb-NTA and -IDA are discussed in comparison
to Yb-EDTA. Yb-NTA and Yb-IDA both show approximately 7 O in the first shell at 2.31 +
0.01 Aaswell as25+0.5 N at248 (NTA) and 2.51 + 0.03 A (IDA). As for EDTA, the
Debye-Waller factor for the Yb-N path had to be constrained to be equal to that of the Yb-O
path. This might explain the apparently inconsistent number of N (2.5 = 0.5 compared to the
theoretical value of 1), in addition to the large uncertainty on the coordination numbers by
EXAFS. Nevertheless, the determined Yb-N bond distances for the three complexes are in
good agreement, as well as with the bond distances determined by Narita et al. (2001) in the
Yb-(IDA); aqueous complex (Yb-O: 2.30 A; Yb-N: 2.46 A). The Yb-C bond distances in
NTA and IDA are determined to equal 3.23 + 0.02 and 3.30 + 0.03 A, respectively. As for
EDTA, the Debye-Waller factor for the C shell is relatively high (0.016 and 0.020 A2 for
NTA and IDA, respectively), which appears to be characteristic of the dissimilar Yb-O and
Yb-N bond distances. The most distant shell observable on the FT is attributed to multiple
scattering and the Yb-O/C-O bond distances are determined to equal 4.44 + 0.01 A (NTA)

and 4.48 + 0.02 A (IDA). Although subjected to large uncertainties, the C and MS
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coordination number decreases consistently with the number of coordinating groups in the
ligand: EDTA(C: 8.3; MS: 10.3) > NTA(C: 6.5; MS: 5.9) > IDA(C: 2.5; MS: 3.3).

In contrast to the previous complexes, the Yb-carboxylic resin sample exhibits a
slightly longer Yb-O distance, which is determined to equal 2.35 + 0.01 A when the spectrum
is fitted with a single shell. This Yb-O bond distance is longer than in the aqueous ion (Ohta
et al., 2008). Furthermore, the first shell peak on the FT spectrum shows a small shoulder at R
+ AR ~ 2.3 A. It suggests that a carboxylate group coordinates to Yb in bidentate (COOy;)
rather than in monodentate mode (COOmono). An illustration of both coordination modes is
given in figure S3, for the case of the Yb-actetate complex. Indeed, lanthanides or actinides-O
bond distances in the case of COOy,; are generally longer than for COOmgno as shown for Eu-
polyacrylic acid (Montavon et al., 2006) or as discussed for U(VI) (Schmeide et al., 2003; and
references therein). This is particularly well illustrated in the structure of Yb-formate
determined by XRD (Furmanova et al., 1983), where formate coordinated to Yb in both
modes. The difference in the two Yb-O bond distances is 0.13 A (2.27 versus 2.40 A). Also,
Yb-C is 0.46 A shorter in COOpi-Yb (2.77 A) than COOponoe-Yb (3.23 A) for geometrical
reasons (i.e. a much smaller Yb-O-C angle). This structure is tested by considering two
distinct Yb-O shells, as well as an Yb-C shell. Debye-Waller factors are set equal for all
paths. This fit leads to a twice lower reduced-y2 than in the first case. 4.3 £ 1.6 O are found at
2.31 +0.02 A, in better agreement with the Yb-aqueous ion (Ohta et al., 2008) and 2.9 + 0.8
O at 2.44 + 0.03 A. Also, the Yb-C bond distance is equal to 2.75 + 0.03 A. Consistently, the
coordination number of C is approximately half of the long Yb-O path (1.4 £ 0.8). The latter
results are in relatively good agreement with the structure of Yb-formate and suggest that Yb

is coordinated to one carboxylate in a bidentate mode on the resin surface.

3.3. EXAFS analysis of the Yb-HA complexes.
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The HA samples show slight dissimilarities that can mainly be seen on the FT spectra.
Analyzed over the same k-range (2.5 < k < 12.5 A ™), the first shell peak is broader for Yh-H7
than for Yb-L7. It can also be globally seen by the more attenuated oscillations of the k*-
weighted Yh-H7 EXAFS spectrum for high k values (k > 9 A™). No clear node in the k-space
spectrum, which would evidence two well-defined distances in the first shell, can be identified
visually. Moreover, Yb-L7 exhibits a small peak at R + AR ~ 2.6 A, the amplitude of which is
comparable to the Yb-IDA sample, as well as some signals for 3.5 <R + AR <4.5 A, whereas
Yb-H7 shows no signal for the more distant shell. This is consistent with our expectation that
a higher metal loading would result in a less well defined EXAFS structure with regards to the
larger variability in the nature of the REE-HA complexes compared with low metal loading
where a few types of strong sites are expected to bind REE.

The same approach as to the reference ligands was applied to fit the EXAFS data
recorded for the Yb-HA samples. For Yb-L7, approximately nine O are found at 2.32 £ 0.01
A in the first shell. According to the definition of Model VI for Yb-HA binding and the
present speciation calculations, Yb is 99% complexed to HA strong sites (i.e. potentially N-
containing sites). The Debye-Waller factor value, which is relatively large (0.011 A?)
compared to the Yb-O path for IDA (0.008 A2), suggests that a second backscatterer should
be considered. As shown in the supplementary information, this hypothesis is tested by
including an N-path in the fit of the Yb-L7 spectrum. However, the reduced-y? value is twice
higher than by considering only one Yb-O path and the statistical uncertainty on the
coordination number for the second path is larger than the parameter value. Hence, the
introduction of a second path to fit the Yb-L7 spectrum is not relevant: the presence of N
coordinated to Yb cannot be demonstrated. The more distant shells in Yb-L7 show 2.0 £ 0.8 C
at 3.26 + 0.01 A and a 4.8 + 1.9 O(MS) at 4.49 + 0.01 A. These results are consistent with the

three amino-carboxylic ligands, and are very similar to Yb-IDA. However, for a similar
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number of C, the Debye-Waller factor for Yb-L7 (= 0.007 A2) is much smaller than for Yb-
IDA (= 0.020 A2). Therefore, it is not possible to determine either a longer Yb-N path or a
high Debye-Waller for the C-shell (characteristic of dissimilar Yb-O and Yb-N distances) for
Yb-L7. Thus, at low loading, our results suggest that Yb binds to O-containing groups of HA
rather than N-containing groups. However, this observation must be considered with caution.
Even at low loading, Yb-HA complexes with various geometries might occur. The
distribution of Yb-N bond distances in HA might be relatively large, which would limit the
detection of N as a backscatterer in the first shell of Yb because of destructive interferences.
When fitted with a single Yb-O path, the Yb-H7 sample does not exhibit a different
average distance in the first shell (2.31 + 0.01 A) than Yb-L7 (2.32 + 0.01 A). The dampening
of the oscillation at high k values for the Yb-H7 sample is consistent with the broader peak in
the FT spectrum and it explains the large Debye-Waller factor (0.013 A2?) obtained when
fitting the first shell with a single Yb-O path. When two Yb-O paths are considered (Table 1),
6.4+120at2.29+0.02Aand3.1+0.70 at 243 + 0.03 A are found. As shown in the
supplementary information, a better fit is achieved. This is more particularly the case for 10 <
k < 12 A, which corresponds to the region where destructive interferences between two Yb-
O paths with 0.13 < AR < 0.16 A can be observed, in agreement with the fitted bond distances
(AR ~ 0.14). The dissimilar Yb-O distances are consistent with the Yhb-formate structure,
which suggests the presence of a carboxylate group coordinated to Yb in a bidentate mode.
For Yb-H7, there is no evidence for either a short Yb-C distance for the carboxylic bidentate
complexes, as for the carboxylic resin, or a longer distance for the carboxylic monodentate
complexes, as observed for EDTA. The signal on the FT spectrum for the distant shells is

extremely weak (Figure 2).

3.3. Samarium
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Figure 2 displays the normalized k*-weighted EXAFS spectra and their corresponding
Fourier transforms of the 2.4-9.5 A™! k-range for the various Sm-HA and Sm-standard organic
ligands. All spectra exhibit first-shell signals around R + AR ~ 2 A. This contribution can be
assigned to O or N. Compared to Yb, a lower signal intensity is obtained for the more distant
shells for most of the Sm-complexes. However, a second contribution is observable at R + AR
~ 2.8 A for Sm-EDTA and Sm-NTA. Considering that the signal of the second shell increases
from IDA to EDTA, it can be assigned to C. The same approach as that used for Yb is used to
fit the EXAFS data for the various Sm-complexes. The results for all studied systems are
presented in Table 2. In contrast to Yb, where EXAFS spectra could be recorded with a good
quality up to k = 13 A, Sm spectra could only be recorded up to k = 10 A™. Therefore,
structural parameters for Sm complexes cannot be determined as precisely as in case of Yb
complexes.

The EXAFS parameters for the aqueous Sm-EDTA complex are determined and
discussed using the well-known structure of the Eu-EDTA crystal (Nakamura et al., 1995).
The FT peak of the first shell was simulated with 10.2 + 0.9 O at R = 2.44 + 0.01 A, which is
consistent with the theoretical value of nine. The bond distance is in relatively good
agreement with the Eu-O one in Eu-EDTA crystal or Sm-O in the aqueous ion (R = 2.44 A;
Ohta et al., 2008). The Debye-Waller factor equals 0.014 A2, which is a relatively high value.
However, when an additional Sm-N path is included during the fit, although the bond distance
is found to be approximately equal to 2.65 A (i.e. relatively consistent with crystallographic
data), the reduced-y? value increases by a factor 5 and the uncertainties associated with the
fitted parameters increase drastically. Therefore, it is not possible to demonstrate the presence
of N in the first coordination sphere of Sm with the present data. Approximately 6.3 + 1.4 C
are determined at R = 3.37 + 0.02 A. This result is in good agreement with the 1:1 Eu-EDTA

complex studied by Mathur et al. (2006), where 5.0 + 1.7 C were found at 3.31 + 0.03 A. This

20



bond distance is also in agreement with the average Eu-C one in Eu-EDTA crystal. No
attempt is made to fit higher shells (e.g. MS) because of the very weak signal observed in the
FT spectrum.

The same approach as for Sm-EDTA is used for the Sm-NTA complex and consistent
results are found: 8.8 + 0.7 O are determined at 2.44 + 0.01 A in the Sm first shell and 2.2 +
1.3 C at 3.35 + 0.05 A in a second shell. This result is also in agreement with the 1:2 Eu-NTA
complex studied by Mathur et al. (2006) where approximately 6.0 + 0.6 C (i.e. around 3 C per
NTA molecule) were found at 3.35 + 0.02 A.

None of the other complexes show a significant signal in a second shell. The Sm-O
bond distance is also found to be equal to 2.44 + 0.01 A for Sm-IDA. The Sm-O bond
distance for the carboxylic resin seems to be slightly longer (2.46 + 0.01 A), which might
suggest the presence of a carboxylate group coordinated in a bidentate fashion, as expected by
analogy with the corresponding Yb sample. However, this cannot be clearly demonstrated in
the case of Sm because the difference with the bond distances determined for other complexes
is too small. Similar Sm-O bond distances are determined for the Sm-L7 (2.43 + 0.01 A) and
Sm-H7 (2.44 + 0.01 A) samples. Therefore, no clear differences in the Sm-O distances in the
first shell can be observed between HA complexes. The fitted coordination number in the Sm
first shell is large for the Sm-H7 sample (11.5 £ 2.3). However, it is associated with a large
Debye-Waller factor value (0.013 A™). As for Yb, this is consistent with our expectation that
a higher metal loading would result in a less well defined EXAFS structure with regards to the
larger variability in the nature of the REE-HA complexes compared with low metal loading

where a few types of strong sites are expected to bind REE.

4. DISCUSSION
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4.1. The nature of strong HA sites for REE: consequences for cation competition

The present EXAFS analysis suggests similar local structure around Yb in the low
loading Yb-HA complex (Yb-L7) and in the Yb-IDA model compound (Figure 1, Table 1),
In spite of this similarity, EXAFS data fitting did not yield direct evidence for the presence of
N-containing ligands in the Yb-HA samples, because of the difficulty in distinguishing the
minor contribution from a single N nearest neighbor to the first neighbor EXAFS signal,
which is dominated by O neighbors. PHREEQC/Model VI calculations show that REE are
dominantly bound to HA strong sites often attributed to the participation of soft bases (S- or
N-containing groups) in the complex. Consequently, ALK is estimated from the cation-NH3
complexation constant. As they are minor components in HA, the number of this type of site
and their respective reactivity are difficult to explicitly define in numerical models. As
mentioned in the introduction, REE are hard acids and the weak REE-NH3; complexation
constants, leading to low ALK values, alone cannot explain the metal loading effect on REE-
HA complexation (Marsac et al., 2011). An increasing REE-HA complexation constant
pattern from LREE to HREE (Sonke and Salters, 2006; Fig. S1) is characteristic of both
iminodiacetic acid derivatives (e.g. in Byrne and Li, 1995) and simple chelating ligands (e.g.
oxalate, Fig. 3; Schijf and Byrne, 2001). Nitrogen-containing groups are thus not necessary to
describe REE-HA binding patterns at low metal loadings.

Marang et al. (2008; 2009) investigated Eu** competition with the softer metal ion
Cu?* for HA complexation, applying batch and spectroscopic experiments. The authors
studied Eu competitive effects on Cu-HA complexation by varying [Eu], while [Cu] = 20 pM
and [HA] = 20 mg L™ were kept constant at pH = 5.5 in 1 mM KNOs. The same method was
used for assessing the competitive effect of Cu on Eu-HA complexation ([Eu] = 7 uM). For
these high Cu or Eu loadings (~10° and 3.5x10™* mol g*, respectively) a direct Eu-Cu

competition was observed. The data were modelled using NICA-Donnan. Although the
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definition of cation-HA complexation is very different between PHREEQC/Model VI and
NICA-Donnan, both models assume that all cations compete for the same HA binding sites.
While the competitive effect of Eu on Cu-HA binding was well predicted, a systematic
underestimation of Eu-HA complexation was observed. Because limited Eu-HA datasets were
available at high pH, the authors suspected that the parameters for the Eu-phenolic sites
binding were not accurate. In addition to the conclusion of Marang et al. (2008; 2009), based
on the differences in the hardness of both cations, the presence of some selective sites for Eu
and Cu, for which no competition occurs, might explain the discrepancies observed between
experimentation and modeling. This hypothesis requires further experimental and modeling
investigations of cation competition for HA complexation, especially at lower metal loading

where the strong HA sites have more influence.

4.2. REE-HA complexation at high loading

The present study provides evidence for different structures for the Yb-HA complexes.
The analysis of the high metal loading sample (Yb-H7) shows that carboxylates can
coordinate to Yb in a bidentate fashion. The COOmeno-Yb structure can be accommodated by
both mono- and multi-carboxylic ligands (e.g. formate and EDTA) whereas COOy;-Yb is
more easily accommodated as mono-carboxylic ligands for steric reasons. However, even at
high loading, REE-HA complexation is already rather strong and the sole 1:1 REE-
carboxylate (e.g. REE-acetate) stability constant cannot explain REE-HA complexation.
Accordingly, in PHREEQC/Model VI, the dominant HA sites at high loading involve two
ligands but without a chelation effect. The question therefore arises whether the two
functional groups are located on the same HA molecule (a complex formation leading to a
change in the HA molecule conformation) or if Yb acts as a bridge between two distinct

organic molecules. Both mechanisms imply a significant change in HA molecular structure,
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as supported by a previous time resolved laser fluorescence spectroscopy (TRLFS) study of
the Cm-HA complexes (Rabung and Geckeis, 2008), where variations in the fluorescence
lifetimes were interpreted as a consequence of an increasing HA agglomeration at increasing
metal loading (from 0.2 to 4% of the PEC, comparable to the present range of 0.2 to 20%).
However, it is not possible to state whether the aggregation is due to a partial neutralization of
the organic molecule or to the formation of cation bridges. This might be further discussed by
comparing the REE stability constant patterns for 1:1 and 1:2 complexes with small
carboxylic ligands (e.g. acetate), 1:1 complexes with dicarboxylic, chelate ligands (e.g.
oxalate and malonate) and the REE-HA pattern at high loading. Figure 3 presents the
corresponding La-normalized complexation patterns. It includes the average 1:1 and 1:2 REE-
monocarboxylic ligand patterns discussed by Smith et al. (1985). Both 1:1 and 1:2 patterns
increase from LREE to MREE, and then decrease to HREE. The same conclusion can be
drawn with more recent REE-acetate data (Zotov et al., 2002). Therefore, although REE
speciation in HA is dominated by the bi-ligand sites in Model VI, the pattern is similar to the
1:2 complex formation with small carboxylates. By contrast, REE-oxalate complexation is
stronger than REE-acetate but the 1:1 pattern (Fig. 3; Schijf and Byrne, 2001) increases
globally from LREE to HREE, like for malonate (not shown). Therefore, this comparison
suggests that at high loading, REE might act at least partly as cationic bridges between
different organic molecules. This mechanism is not taken into account in presently available

humic-ion binding models and might deserve further experimental investigation.

5. CONCLUSION
In the present study, the local structure of Sm-HA and Yb-HA complexes was
investigated by EXAFS at pH = 7 at high and low metal loading. Previous complexation and

modeling studies showed that REE speciation was dominated by weak and strong HA sites at
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high and low loading, respectively. According to PHREEQC/Model VI, preliminary
calculations showed that at high loading the weaker sites are represented by bi-ligand sites,
consistently with the stronger REE-HA binding compared to mono-carboxylic ligands (e.g.
acetate). At lower loading, the stronger sites are tri-ligands potentially exhibiting N-
containing groups as an additional ligand. The EXAFS analysis of the Yb-HA samples shows
different structures of the complexes. At high loading, HA carboxylic groups are shown to
bind to Yb in a bidentate fashion. This configuration might not be easily adopted in a 1:1
complex with a di-carboxylic ligand. The REE-HA complexation pattern at high loading
shows a comparable increase for MREE to the 1:2 REE-mono-carboxylate stability constant
pattern, conversely to the 1:1 REE-di-carboxylate pattern which shows an increase for HREE.
This suggests that the formation of a Yb complex with two separate organic molecules, i.e. a
cation bridge, might occur at high loading. Longer Yb-N distances compared to Yb-O
previously observed for N-containing ligands are also identified in the present complexes of
Yb with IDA, NTA and EDTA by EXAFS. However, the low loading Yb-HA complex did
not show this feature, suggesting a negligible amount of N in the first coordination sphere of
Yb. This suggests that, at low loading, Yb binds to O-containing groups of HA rather than N-
containing groups.

The experimental L;-edge EXAFS study of Sm was more difficult than for Yb.
EXAFS spectra of the Sm samples could only be recorded up to k = 10 A™, compared to k =
13 A for Yb. The EXAFS analysis of the Sm-HA samples does not show clear differences
between the structures of the Sm-HA complexes at high and low loading. These results cannot
be compared directly with those of Yb, and it cannot be concluded whether similar complexes
are formed with HA. The REE-HA binding patterns at low loading increase for HREE,
commonly seen in the 1:1 complexation pattern with multi-carboxylic chelate ligands, not

necessarily exhibiting N-containing functional groups. According to the Pearson’s (1963)
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hard and soft acid and base principle, cations exhibiting different chemical behavior might
have different preferential strong binding sites in HA. This might have consequences for the
prediction of HA complexation properties in natural waters, where competitive effects

between various cations occur.
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Table 1. Fitting results for Yb L,;-edge EXAFS spectra of Yh-HA complexes and of standard organic molecules
Yb complexes. Selected crystallographic data for Yb-EDTA and Yb-(formate); are also reported for comparison
with standard deviation under brackets. CN: coordination number, R: interatomic distance, AE,: threshold energy
shift, 62: Debye-Waller factor. Reported errors are determined by the fitting procedure but errors on CN, R and
o2 parameter values are generally = 20%, + 0.02 A and + 20% in the best case (O’Day et al., 1994). The average
bond distance in Yb first shell is also given in italic.

Path R(A) CN  AE(eV) o™x10° (A?) REd;‘ZCEd'
Yb-EDTA Yb-O 2.28 (0.04)
Janicki et al. (2008) Yb-N 2.58 (0.01) 2
Yb-C 3.28 (0.10) 10
Yb-O/C-O, (MS) 4.39 (0.03) 8
Yb-first shell 2.34 8
Yb-EDTA Yb-O 229+0.01 65+x08 51%05 7+1° 938
Yb-N 250+£0.03 23x04 7
Yb-C 3.23+0.01 83+20 12+3
Yb-O/C-O, (MS) 4.44+0.01 103%26 6+2
Yb-first shell 2.34 8.8
Yb-NTA Yb-O 231+001 6.8+x10 53%05 6+1° 516
Yb-N 248+0.03 25+05 6°
Yb-C 3.23+£0.02 65*24 165
Yb-O/C-O, (MS) 4.44+001 59=+21 6+3
Yb-first shell 2.36 9.3
Yb-IDA Yb-O 231+001 73+x09 6.1+06 8+1° 276
Yb-N 251+0.03 25+04 8?
Yb-C 3.30+£0.03 4.2+25 201
Yb-O/C-O, (MS) 4.48+0.02 33+08 6
Yb-first shell 2.36 9.8
Yb-L7 Yb-O 232+001 9.0+03 53+0.3 11+1 218
Yb-C 3.26+001 20zx038 7+4
Yb-O/C-O, (MS) 4.49+001 48+19 7+3
Yb-H7 Yb-O 229+002 64+12 74+08 9+2° 878
Yb-O 243+0.03 31+07 9?
Yb-first shell 2.35 7.4
Yb-carboxylic resin Yb-O 231+0.02 43+16 104+20 4+2° 281
Yb-O 244+0.03 29+038 42
Yb-C 275+003 14+038 42
Yb-first shell 2.36 7.2
Yb(formate); (XRD) Yb-O1 2.27 (0.03) 4
Furmanova et al. (1983) Yb-0O2 2.40 (0.02) 4
Yb-Crnono 3.23 1
Yb-Cy; 2.77 (0.02) 2
Yb-first shell 2.33 (0.08) 8

AEq was set equal for all paths.
(a) o? values were constrained equal during the fit.
(b) set equal to the value determined for EDTA and NTA.
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Table 2. Fitting results for Sm Lj-edge EXAFS spectra of Sm-HA complexes and of standard organic
molecules Sm complexes. Selected crystallographic data for Eu-EDTA (Nakamura et al., 1995) are also reported
for comparison with standard deviation under brackets. CN: coordination number, R: interatomic distance, AE:
threshold energy shift, o2 Debye-Waller factor. Reported errors are determined by the fitting procedure but
errors on CN, R and o2 parameter values are generally + 20%, £0.02 A and + 20% in the best case (O’Day et al.,

1994).
Shell R(A) CN AEq (eV) 62x10° (A?)  Reduced-¢?
Eu-EDTA (XRD) Eu-O 2.45 (0.06)
Nakamura et al. (1995) Eu-N 2.67 (0.03)
Eu-C 3.40 (0.08) 10
Eu-first shell  2.50 (0.11) 9
Sm-EDTA Sm-O/N 244+0.01 10209 10106 14 + 12 8490
Sm-C 3.37+0.02 63+x14 147
Sm-NTA Sm-O/N 244+001 88+0.7 64+08 7+1° 4353
Sm-C 335+£005 22+13 7?
Sm-IDA Sm-O/N 244+001 92+0.7 65+£07 9+1 190
Sm-L7 Sm-O/N 243+001 92+04 84+04 10+1 873
Sm-H7 Sm-O/N 244+001 115+23 23+%16 13+2 2422
Sm-COOH Sm-O 246+001 95+08 9.2+08 9+1 87

AE, was set equal for all paths.

(a) o? values were constrained equal during the fit.

32



O/N C

(A) (B)

k3x(k)
FT magnitude

6 7 8 9 10 1‘1 1‘2 13 0 1 2 °3 4 5
k (A1) R+AR(A)

Figure 1. (A) Normalized k3-weighted EXAFS spectra of the Yb-HA and Yb-standard organic ligand (where
“Yb-COOH” refers to the carboxylic-grafted resin) and (B) their corresponding Fourier Transform magnitude
and imaginary part. Yb-H7 and -L7 represent the Yb-HA complexes at high and low Yb loadings at pH 7,

respectively. Red curves represent the fits of the experimental data with the parameters listed in Table 1.
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Figure 2. (A) Normalized k®-weighted EXAFS spectra of the Sm-HA and Sm-standard organic ligand (where

“Sm-COOH” refers to the carboxylic-grafted resin) and (B) their corresponding Fourier Transform magnitude

and imaginary part. Sm-H7 and -L7 represent the Sm-HA complexes at high and low Sm loadings at pH 7,

respectively. Red curves represent the fits of the experimental data with the parameters listed in Table 2.

34



1.5 - ==HA (high loading)
——1:1 average carboxylate
1.3
—=—1:2 average carboxylate
1.1 - ——1:1 Oxalate

o
(Vo]
1

La-normalized log K
o o
(6] ~
| |

o
w
|

o
[
1

'0.1 T T T T T T T T T T T T T 1
la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 3. La-normalized REE-HA complexation pattern at high metal loading (Model VI) compared to an
average value for 1:1 and 1:2 REE-small carboxylates (Smith et al., 1985), 1:1 Patterns for the REE-oxalate
(Schijf and Byrne, 2001) complexation constants. At high metal loading, REE mainly form complexes with bi-

ligand HA sites according to Model VI.
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Highlights:

At high and low metal loading, the structure of Sm and Yb complexes with humic acid
are determined by EXAFS spectroscopy.

Model VI predicts that Yb and Sm tend to bind to strong humic N-containing groups
at low metal loading.

At low metal loading the presence of N could not be demonstrated, in contrast with
reference complexes with IDA, NTA or EDTA.

At high metal loading, carboxylic humic groups are found to be coordinated in
bidentate mode.

The results are discussed in the context of cation competition and supramolecular
structure of metal-humate complexes.
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