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Abstract- The Humic Ion Binding Model VI (Model VI) - previously used to model the
equilibrium binding of rare earth elements (REE) by humic acid (HA) - was modified to
account for differences in the REE constant patterns of the HA carboxylic and phenolic
groups, and introduced into PHREEQC to calculate the REE speciation on the HA binding
sites. The modifications were shown to greatly improve the modeling. They allow for the first
time to both satisfactorily and simultaneously model a large set of multi-REE experimental
data with the same set of equations and parameters. The use of PHREEQC shows that the
light rare earth elements (LREE) and heavy rare earth elements (HREE) do not bind to HA by
the same functional groups. The LREE are preferentially bound to carboxylic groups, whereas
the HREE are preferentially bound to carboxy-phenolic and phenolic groups. This binding
differentiation might lead to a fractionation of REE-HA patterns when competition between
REE and other metals occur during complexation. A survey of the available data shows that
competition with AI*" could lead to the development of HREE-depleted HA patterns. This
new model should improve the hydrochemical modeling of the REE since PHREEQC takes
into account chemical reactions such as mineral dissolution/precipitation equilibrium and
redox reactions, but also models kinetically controlled reactions and one-dimensional

transport.

Keywords: rare earth elements, humic acid, complexation, modeling, PHREEQC, Model VI,

site heterogeneity.

1. INTRODUCTION

Dissolved humic acids (HA) are complex macro-molecules that contain a large variety

of functional groups giving rise to strong binding capacities with cations. Because of HA

.



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

ubiquity, a lot of effort has been made in the past 20 years to set up thermodynamic models
that are suitable for predicting cation complexation by HA in natural waters (Marinsky and
Ephraim, 1986; Tipping and Hurley, 1992; Koopal et al., 1994; Kim and Czerwinski, 1996;
Tipping, 1998; Sasaki et al., 2008). The two major types of HA-cation binding surface groups
are the carboxylic and phenolic groups. Each type covers a large range of cation stability
constants (log K). The two most used cation-HA binding models are Model VI (Tipping,
1998), in which both the carboxylic and phenolic groups are discrete entities displaying
specific stability constants, and NICA-Donnan (Kinniburgh et al., 1996), in which continuous
distributions of log K are considered. In both models, the variety of the HA binding sites is
taken into account, as the log K distribution is calculated from the cation-carboxylic and
cation-phenolic specific binding parameters. By fitting the datasets for each of these two
models, Tipping (1998) and Milne et al. (2003) were able to determine the generic HA
binding parameters for a wide variety of cations. They found that cation-phenolic model
parameters can be mathematically correlated to cation-carboxylic parameters. These
mathematical correlations are very useful to estimate phenolic binding parameters from
carboxylic binding parameters, notably when experimental data are limited or non-existent.
For Model VI, Tipping (1998) chose to impose a linear relationship between the carboxylic
and phenolic cation binding parameters (log Kyva and log Ky, respectively). Thus, only one
parameter has to be adjusted in order to describe the interaction of cations with humic acids
using Model VI, i.e. Log Kya.

Rare earth elements (REE) are a highly coherent series of elements, whose chemical
properties vary regularly along the series. Their relative affinity for ligands can be visualized
in the plot of the intrinsic stability constants (log K) or the partition coefficient between two

phases (log K4) versus the REE atomic number. Different and specific shapes of log K
-3-
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patterns are therefore displayed depending on the ligands (Byrne and Li, 1995). Moreover, the
REE are particularly suitable to study cation-HA interactions. Experimental and field studies
showed that when HAs are present in natural waters, most of the REE occur as REE-HA
complexes (Bidoglio et al., 1991; Takahashi et al., 1997; Viers et al., 1997; Dia et al., 2000;
Tang and Johannesson, 2003; Johannesson et al., 2004; Gruau et al., 2004; Davranche et al.,
2005; Sonke and Salters 2006; Pourret et al., 2007a, b; Pédrot et al., 2008). Recent
experimental studies on REE-HA binding have shown that the metal loading (REE/HA) can
modify the REE partitioning between an aqueous solution and HA (Marsac et al., 2010;
Yamamoto et al., 2010). At high loading, a middle-REE (MREE) downward concavity,
typical of REE binding to low affinity carboxylic sites, was observed. However, under low
REE/HA conditions, the log K4 pattern exhibited a regular increase from La to Lu, which is
typical of REE binding to strong affinity multidentate sites (Marsac et al., 2010; Yamamoto et
al., 2010). These two types of log K4 patterns correspond to the log K patterns obtained for
the corresponding simple organic ligands (namely acetic acid for the carboxylic sites, and
EDTA for the multidentate sites). Their successive occurrence is plausible since the site
density of the HA high affinity sites is much lower than the density of the low affinity sites.
Marsac et al. (2010) showed that in order to properly model this data with Model VI, it was
necessary to let the parameter accounting for the high affinity sites, ALK,, vary among the
REE series instead of keeping it constant, as commonly assumed. However, although there is
a good agreement between the experimental and modeled data, the HA sites defined in Model
VI are still not fully satisfactory for the REE series. The assumption of a similar log K pattern
shape for the carboxylic and phenolic sites, imposed by the Log Kma-Log Kyp linear
relationship, is not consistent with the log K pattern observed for the REE-catechol complex -

an analog of phenol - which exhibits a regular increase in heavy-REE (HREE) log K values
-4 -
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(IUPAC, Stability Constants Database). Because phenolic sites have a lower acidic constant
(K3) than carboxylic sites and occur in lower density (Ritchie and Perdue, 2003), their log K
pattern could theoretically be directly determined by performing REE-HA binding
experiments at pH > 7 and low REE/HA ratios. However, these kinds of experiments are
technically hard to perform with regard to the low aqueous REE concentration imposed by the
pH values. Marsac et al. (2010) and Yamamoto et al. (2010) therefore carried out their
experimental studies at a low pH (3 and 4.7, respectively) in order to be able to measure the
REE aqueous concentration at low REE/HA ratios. Pourret et al. (2007b) explored higher pH
values (up to 10.5), but the high imposed REE/HA ratio prevented the study of the phenolic
log K patterns. This problem might be circumvented by studying REE-HA binding through
competition ligand experiments with EDTA, as previously done by Sonke and Salters (2006).
However, as stated by Yamamoto et al. (2010), the increasing log K(REE-EDTA) values from
La to Lu implies that each REE binding is not studied at the same metal loading, thereby
preventing the comparison of the log K patterns with the patterns for the conditional stability
constants.

In this study, a modeling approach was used to evaluate whether the HA phenolic sites
differ from the HA carboxylic sites in their ability to complex REE. The stability constants of
the REE-HA phenolic sites were thus independently estimated. For this purpose, Model VI
equations were introduced into PHREEQC (Parkhurst and Appelo, 1999), following Liu et al.
(2008). The PHREEQC/Model VI model was then used to fit the HA-REE binding datasets

published by Sonke and Salters (2006), Pourret et al. (2007b) and Marsac et al. (2010).
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2. MATERIALS AND METHODS

2.1. Humic Ion binding Model VI

The humic-ion binding Model VI was developed by Tipping (1998) and introduced
into the WHAM 6 program. A thorough description of Model VI can be found in Tipping
(1998). The model is a discrete binding site model which takes electrostatic interactions into
account. Eight sites are considered and divided into an equal number of type A sites (the weak
acidic sites, commonly associated with carboxylic functional groups) and type B sites (the
strong acidic sites, commonly associated with phenolic functional groups). There are na (mol
g'l) type A sites and nu/2 type B sites. Proton binding is described by the two median intrinsic
constants (pKa or pKg) and two parameters defining the spread of the equilibrium constants
around the median (ApKa or ApKg). The intrinsic equilibrium constants for cation binding are
defined by two median constants (log Kyva and log Kyg), together with parameters (ALK
and ALK,p) that define the spread of the values around the medians. By considering the
results from many datasets, a universal average value of ALK, was obtained for all cations
(2.8) and a linear relationship was established between the log Ky and log Kya parameters
(Tipping, 1998):

log Kys = 3.39 x log Kjya — 1.15 (Eq. 1)

Therefore, only one single adjustable parameter (log Kys) is necessary to describe metal
complexation by HA in Model VI. In Model VI, cations first hydrolysis products (e.g.
LaOH™") are also considered to bind to HA with the same parameters than the corresponding
aquo ions.

Some of the type A and type B monodentate sites can form bi- and tridentate sites. The

stability constants of these bi- and tridentate sites are defined by the sum of the log K values
-6-
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of the monodentate sites of which they are constituted. Cation-HA binding can occur through
carboxylic groups (CG), carboxy-phenolic groups (CPG) or phenolic groups (PG). A small
part of the stability constants of multidentate groups are increased by the ALK, parameter, the
so-called "strong binding site term" (Tipping, 1998). ALK, is attributed to both favorable
spatial arrangements of the ligands, which stabilizes the complex, and to the chelate effect or
participation of ligands, such as the nitrogen-containing groups. ALK is the parameter of the
HA site heterogeneity. An elevation of ALK, increases the range of the stability constants
covered by the HA sites, thus increasing the heterogeneity of the HA sites. The total
heterogeneity of the HA surface sites in Model VI is defined by 80 different sites.

An electrical double layer, where only counter-ions can accumulate, is defined. The
double layer thickness is set by the Debye-Hiickel parameter k. The distribution of ions
between the diffuse layer and the bulk solution is calculated by a simple Donnan model. The
Donnan volume (Vp) is the volume adjacent to the surface. The electrostatic correction is
represented by an empirical equation which mimics the Boltzmann factor:

Exp (-zFy/RT) = exp (-2PzZ log;ol) (Eq. 2)

where P is an adjustable parameter, z is the ion charge, Z is the net humic acid charge
(eq/g), 1 is the ionic strength (mol L), v is the surface potential (V), T is the temperature (K),
F is the Faraday constant and R is the gas constant. The Model VI parameters used in the

present study are summarized in Table 1.

2.2. PHREEQC/Model VI coupling

PHREEQC is based on an ion-association aqueous model and was designed to perform
speciation and saturation-index calculations (Parkhurst and Appelo 1999). The cation-HA

binding reaction with the 80 types of HA sites defined in Model VI was written and
-7 -
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introduced into the PHREEQC “minteq.v4” database. Before removing the constraint
imposed by the linear relationship between log Kyva and log Kyp, a first version of
PHREEQC/Model VI using the equations defined in WHAM 6/Model VI was tested for its
ability to give identical results to WHAM 6/Model VI. Humic acid was defined as the
SOLUTION_ MASTER_SPECIES, SOLUTION_ SPECIES and PHASES in the “minteq.v4”
database. The 80 types of sites considered by Model VI were defined as the
SURFACE MASTER SPECIES, and their respective stability constants as the
SURFACE_SPECIES in the “minteq.v4” database. This procedure is similar to that used
previously by Liu et al. (2008) to model the binding of Eu by HA in clay pore water using the
same PHREEQC-Model VI combination, except that in this study, we used ALK, values # 0.
Therefore, the 80 binding sites defined by Tipping (1998) are taken into account versus only
32 sites in Liu et al. (2008). In order to model similar REE binding by each specific HA sites
with WHAM 6/Model VI and PHREEQC/Model VI, REE-HA binding simulations were
compared with the corresponding REE-simple ligands complexes in solution. The results
obtained differed between both models. The ALK, parameter (=2.8) should actually be
defined as ApKx - ALK, for carboxylic groups, and as ApKp - ALK, for phenolic groups
(i.e. ALK s = -0.7 and ALK, = 0.8). In order to model the non-specific binding in a similar
fashion (i.e. ions accumulated around HA molecules by electrostatic attraction) as well as the
electrostatic correction in WHAM 6/Model VI and PHREEQC/Model VI, the Gouy-Chapman
type double layer defined in PHREEQC was coupled with a Donnan phase, excluding the
presence of co-ions. The Debye-Hiickel parameter k was calculated from the relationship: k =
(3.29 x 10° x 1'%y (Appelo and Postma, 2005). In PHREEQC, the surface area (SA), upon

which the Boltzmann factor depends, is an adjustable parameter. Marsac et al. (2010)

-8-
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determined Model VI REE-HA specific binding parameter with P = -330. To satisfy equation
2, the PHREEQC SA was simply determined by fitting the HA surface charge (Qwnam in eq
g) generated by WHAM 6/Model VI as a function of pH, at varied NaCl concentrations and
10 mg of HA. The best fit was obtained for a SA equal to 40000, 19000 and 13000 m? g at
an ionic strength 0.001, 0.01 and 0.1, respectively. By this method we found Qprrerqc = 0.92
X Qwaam 3 10 (Rz=1). Since SA decreases with P, our results are consistent with those of
Liu et al. (2008) who determined SA = 30000 m? g at an ionic strength of 0.015 mol L' and

P =-120.

2.3. Experimental data

Three datasets were used to calibrate the PHREEQC/Model VI parameters for REE
binding to HA (Sonke and Salters, 2006; Pourret et al., 2007b; Marsac et al., 2010). These
datasets were preferentially chosen because they provide data for the entire REE group and
they covered a large range of pHs, metal loading and organic ligand competition. The

experimental conditions of the three datasets used are given below.

2.3.1. Pourret et al's. dataset (2007b)

Pourret et al. (2007b) performed REE-HA binding experiments for the 14 REE
simultaneously over pHs ranging from 2 to 10.5 at an ionic strength (IS) of 10> M. The HA
used was purified Aldrich Humic Acid. The experiments were performed with 50 ppb of each
REE at three HA concentrations: 5, 10 and 20 mg L™ (5 10°<REE/HA<2 10 mol REE/mol
C). The separation of HA from the inorganic complexes was performed by ultrafiltration. The
REE concentrations were measured by Inductively Coupled Plasma Mass Spectrometry (ICP-

MS). The results showed an increase in the REE-HA binding with increasing pH and

-9.-



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

increasing HA concentrations. The log K REE-HA pattern is marked by a downward, MREE
concavity. These data therefore provide a dataset for REE-HA binding at high metal loading
and over a large pH range where the REE are bound to HA by carboxylic or phenolic sites,
depending on the pH. Note however, that the data at pH > 7 were not considered in the model
calibration, since 100% of the REE were bound to HA in Pourret et al. (2007b), making the

data useless for the calibration of the model.

2.3.2. Marsac et al.'s dataset (2010)

Marsac et al. (2010) used Pourret et al.'s method (2007b) to study the metal loading
effect on REE binding to HA (4 10“*<REE/HA<2.7 10 mol REE/mol C). In order to obtain
measurable REE concentrations in the solution, Marsac et al. (2010) performed all their
experiments under acidic conditions (pH = 3). The ionic strength was fixed at 10% M. Marsac
et al. (2010) observed an increase in the REE-HA binding and a change in the log K REE-HA
pattern with decreasing metal loading. At high metal loading, the log K REE-HA pattern
exhibited a MREE-downward concavity and at low metal loading, a regular increase from La
to Lu was observed. These data therefore provide an REE-HA complexation dataset at
variable metal loading under acidic pH conditions. At pH 3 and low metal loading, the REE
are bound to HA by low density strong multidentate sites, whereas at high loading, the REE

are primarily bound to high density weak sites.

2.3.3. Sonke and Salters' dataset (2006)

Sonke and Salters (2006) performed REE-HA binding experiments for each REE
separately. The HA used was purified Leonardite HA. These authors used EDTA as a

competitive ligand of HA for the REE. The experiments were carried out at low metal loading
-10 -
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(2 10 mol REE/mol C), slightly acidic to basic pH (6 to 9) and an IS = 0.1 M. The separation
and measurement of the EDTA-REE and HA-REE complexes were done by capillary
electrophoresis coupled with ICP-MS. This study provides single REE-HA binding data for
high pH and low metal loading, two conditions that cannot be obtained by the methods
developed by Pourret et al. (2007b) and Marsac et al. (2010). To simulate Sonke and Salters'
experiments (2006), EDTA was introduced into the PHREEQC “minteq.v4” database as the
SOLUTION MASTER SPECIES and SOLUTION_SPECIES. The four EDTA protonation
constants and the fourteen REE-EDTA stability constants for IS = 0 given in Sonke and

Salters (2006) were also introduced as the SOLUTION_ SPECIES.

2.4. Modeling strategy

Linear free energy relationships (LFER) are commonly used to determine the cation-
HA binding parameters (Tipping, 1998). This method was used by several authors to estimate
the log Kyva parameter in Model VI (or the previous version, Model V) in order to describe
the REE-HA binding (Tang and Johannesson, 2003; Sonke, 2006; Pourret et al., 2007b). In
particular, Tang and Johannesson (2003) and Pourret et al. (2007b) demonstrated that REE-
HA binding could be reasonably well modeled by using the existing LFER between log Kya
(pKma in Model V) and log K for metal complexation by acetic acid. However, Marsac et al.
(2010) demonstrated that log Ky for the HREE are lower than those estimated by LFER
when log Kya and ALK, were optimized simultaneously. The decrease in log Kya
compensates for the high ALK, values obtained for the HREE. Here, the new REE log Kya
were optimized, thus keeping a linear relationship with log Kya reported in Marsac et al.
(2010). This method allows preserving the same pattern. Log Kya, the REE-HA carboxylic
binding parameter, mainly influences the calculation of REE-HA binding at acidic to neutral

-11 -
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pHs since the carboxylic groups have high proton dissociation constants. Therefore, the log
Kwma values were first optimized by fitting the "acidic" experimental data from Pourret et al.
(2007b) and Marsac et al. (2010).

Log Ky represents the binding parameter for the HA phenolic groups. However, no
stability constants are currently available for REE complexation by phenol. Therefore,
catechol was used as an analog. A linear relationship was applied between the log K values
for REE-catechol (IUPAC stability constant database) and log Ky in order to impose a
phenolic-type pattern onto log Kys. Because phenolic groups have low acidic constants (Ka),
the influence of log Kyp on REE-HA binding is mainly observed at neutral to basic pHs.
Therefore, log Kyp was optimized by fitting the data of Sonke and Salters (2006).

As already stated, ALK, represents the HA heterogeneity parameter or the strong
binding site term of Model VI. ALK, indicates the presence of multidentate sites, whose
affinity for REE increases from La to Lu (Byrne and Li, 1995; Sonke and Salters, 2006;
Pourret et al., 2007b; Marsac et al., 2010). Tipping (1998) suggests that the ALK, parameter is
similar for the carboxylic and phenolic multidentate sites. However, preliminary experimental
data fitting, carried out during the course of this study, showed that the three datasets used to
optimize the HA binding parameters could not be satisfactorily modeled, except when using
different ALK, values for the carboxylic and phenolic sites. In the same way that
PHREEQC/Model VI allows independent log Kya and log Ky optimization, it also allows
different ALK, values to be ascribed to the multidentate sites depending on their composition
in carboxylic (ALK;¢) or phenolic (ALKp) sites. Note that the strong binding site terms of the
carboxylic-phenolic multidentate sites are calculated as the ALK,c and ALK,p weighted

average, depending on the chemical composition of the sites. Because the density of the
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multidentate sites is low at the surface of HA, their control on REE binding occurs mainly
under low metal loading conditions, and under low and high pH conditions for the carboxylic
and phenolic sites, respectively. Consequently, ALK,c optimization was first performed with
Marsac et al.'s data (2010) and ALK,p optimization with Sonke and Salters' data (2006). Both
ALK, and ALK,p were constrained to increase progressively from La to Lu due to a linear
correlation between the new ALK,c and ALKjp and the ALK, previously reported by Marsac
et al. (2010).

Errors between the experimental data and the calculations were quantified by the root
mean square error of the regression (rmse), i.e. the sum of the squares of the differences
between the observed and calculated log v, where v is the amount of REE bound to HA per
gram of dissolved organic carbon (DOC). The fit was considered as being good when the total
rmse calculated from the whole REE and experimental conditions was low and when the rmse
values for each REE were close to each other. The modeling strategy here above described
shows that some of WHAM 6/Model VI constrains on parameters were suppressed only to
introduce other comparable constrains. Therefore, WHAM 6/Model VI and
PHREEQC/Model VI fit goodness can be compared directly with rmse since the degree of

freedom does not significantly varies from a model to another.

3. RESULTS

3.1. Modeling parameters

The new REE-HA binding parameters were obtained from the combination of
PHREEQC/Model VI and the assumptions and strategy described above. They were adjusted

until a reasonable fit - quantified by the rmse - was reached. The results are presented in Table

- 13-
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2. In Figure 1, they are compared with the REE-HA binding parameters obtained by Marsac
et al. (2010) with WHAM 6/Model VI and the corresponding model ligands (i.e. acetic acid
for log Kya and catechol for log Kyg). The following equations for the linear relationships
were used to determine the REE-HA specific binding parameters with PHREEQC/Model VI:

log Kyma =2.12 x log Kya(1) — 2.44 (R2=0.98) (3)

log Knvp = 0.37 x log K(REE-catechol) + 0.86 (R2=0.95) @)

ALK,¢c = 0.26 x ALKy(1) + 1.74 (R*2=0.97) (5

ALK;p = 0.72 x ALK,(1) + 3.60 (R*=1) (6)

where log Kya(1) and ALK,(1) refer to the log Kyia and ALK, values determined by
Marsac et al. (2010).

The removal of the constraint imposed by the linear relationship between log Ky and
log Ky in WHAMG6/Model VI and the use of REE-catechol binding parameters results in a
significant increase of the log Kya values (3.29 versus 2.7, on average, in Marsac et al. 2010).
By contrast, the log Ky values are greatly reduced: from 8.02 to 4.93, on average, in Marsac
et al. (2010) and as reported in this study, respectively. The log Kyp values produced
independently with PHREEQC/Model VI are very different from the log Kmp values
calculated with the log Kyp-log Kya linear correlation established by Tipping (1998) in
WHAMG6/Model VI (Eq. 1). The present log Ky and log Kyg are not related to each other by
a linear correlation, but their relative order of magnitude order is preserved, log Ky > log
Kma. Tipping (1998) obtained values of log Kya(Eu) = 3.09 and log Kyp(Eu) = 5.33, when
they independently optimized the log Kya and log Ky values for Eu during the construction
of Model VI. These values are close to the values obtained here in this study: log Kma(Eu) =

3.36 and log Ky(Eu) = 4.98; (Table 2). The ALK,c and ALK,p values obtained here are
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higher than the ALK, values reported in Marsac et al. (2010) (denoted as ALK,(1) in Table 2)
for all REE. Hence, HA appears more heterogeneous with respect to REE binding when the
constraint of a single ALK, value is deleted. The ALK,¢ and ALK,p patterns also differ from
the ALK, patterns given in Marsac et al. (2010). The major change concerns the ALKj;c
pattern which presents a lower increase for HREE than Marsac et al. (2010) ALK, (Fig. 1c).
This lower increase for HREE is the consequence of both the introduction of REE-phenolic
site binding constants that increase from La to Lu, and the propagation of this increase to the
phenolic containing-multidentate site binding constants. As a result, the strong multi-phenolic
sites, which depend on ALKjp, are no longer constrained to accommodate so much HREE,
which explains why the increase in ALK,p for HREE is less pronounced as compared to ALK,
presented in Marsac et al. (2010) (Fig. 2c¢).

In Model VI, the ALK, are thought to depend on either the geometry of the carboxylic
and phenolic multidentate sites (ALK, accounts for favorable arrangement of the spatial
ligands that stabilize REE complexes), or the involvement of additional groups, notably
nitrogen-containing groups (Tipping, 1998). Tipping (1998) suggested that ALK, could be
estimated from the metal stability constants with NH; Therefore, ALK, is linearly correlated
with the stability constant of metal-NH; complexes in WHAM 6/Model VI. The ALK, values
obtained for the REE using this linear relationship are very low (e.g. 0.29 for Eu), and much
lower than the ALK, values calculated in Marsac et al. (2010), and the ALK,¢c and ALKjp
values obtained in the present study. This may suggest that the participation of N-containing
groups only plays a small role in the strong, bi- and tridentate binding sites. The strength of
these sites has to be mainly due to the development of favorable spatial arrangements of

carboxylic and phenolic ligands as well as the effect of chelation. It is interesting to note that
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the high ALK,p values stemming from the new simulations compensate for the decrease in the
log Kvp values generated by this simulation. Because phenolic groups have high pKa (Ritchie
and Perdue, 2003), only a small fraction of the REE is able to bind to monodentate phenolic

ligands, as the majority remain bound to specific multidentate, phenol-containing groups.

3.2. Experimental data fit

The three experimental datasets used to optimize the Model VI parameters were
modeled separately. The results of the simulations with WHAM 6/Model VI and
PHREEQC/Model VI are compared in Figure 2 for (i) Eu binding by HA at pH 2 to 7 and
under high metal loading conditions (Pourret et al.'s experimental dataset (2007b); Fig. 2a),
(i1) La and Lu binding by HA at pH = 3 under variable metal loading conditions (Marsac et
al.'s dataset (2010); Fig. 2b), and (iii) Eu binding by HA at pH 6 to 9 with EDTA, and under
low metal loading conditions (Sonke and Salters's dataset (2006); Fig. 2¢). The quality of the
fits can also be evaluated by comparing the measured and simulated REE distribution patterns
(log Ky) for the data of Pourret et al. (2007b) and Marsac et al. (2010) (Figs. 2d and 2e,
respectively), or the measured and simulated patterns of the conditional REE-HA stability
constants (log Bus) for Sonke and Salters' data (2006) (Fig. 2f). The log PBus values were
corrected from the REE-EDTA interaction (Sonke and Salters 2006). The new hypotheses in
PHREEQC/Model VI model significantly improve the quality of the fits as the total rmse (i.e.
calculated for the whole REE and conditions studied) decreased from 0.10 to 0.07 (Table 2).
There is a moderate improvement in the fit for Pourret et al.'s results (2007b) (from 0.10 to
0.07), which is primarily seen in high pH conditions at low metal loading (Figs. 2a and 2d).
By contrast, the improvement of the fit is very significant for Sonke and Salters' data (2006),
as the rmse is divided by a factor of around 2: 0.10 in the new calculations versus 0.26 in
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WHAM 6/Model VI. This improvement is particularly significant for the LREE at high pH
(e.g. at pH 9 in Fig. 2f). The strong overestimation of the log Bys values obtained for the
LREE under this pH condition with WHAM 6/Model VI is no longer apparent. At a high pH
and low REE/HA ratio, the REE are strongly bound to the HA phenolic groups. The LREE
overestimation of the latter with WHAM 6/Model VI is the consequence of the Log Kya-Log
Kwmp linear relationship, the HA phenolic sites present high stability constants with LREE.
Rmse increases slightly for Marsac et al.'s results (2010), from 0.02 with WHAM 6/Model VI

to 0.04 with the new parameters, but remains very low.

4. DISCUSSION

The independent optimization of the HA carboxylic and phenolic binding parameters
(i.e. removal of the log Kya-log Kyp linear relationship and ALK, dissociation for the
carboxylic and phenolic groups) allowed for the first time to satisfactorily and simultaneously
model a large set of multi-REE experimental data with the same set of equations and
parameters. The following discussion will show that these parameter modifications not only
improve the fit of the data, but that the 80 HA sites present REE log K patterns that are more
consistent with the data available for simple organic ligands (Byrne and Li, 1995). We will
also discuss the implications of these parameter modifications on REE speciation of the
different HA sites. This was possible for the first time by the introduction of Model VI into

PHREEQC.

4.1.  Assessing the consistency of the new modeling parameters
Figure 3 presents a plot comparing the log Kp,/Ki, ratio, which represent the

fractionation of the REE Log K pattern with the average REE stability constants determined
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for (i) 101 organic ligands studied independently (Byrne and Li, 1995) and (ii) the 80 HA
sites defined in WHAM 6/Model VI and PHREEQC/Model VI. Since the REE-ligand log K
values were available at IS = 0.1M, the REE-HA log K values were calculated at IS = 0.1M
using the Davies equation. The log Ky,/K;, ratio shows a positive correlation when reported
against the average REE log K value (R?>=0.77). This correlation indicates that the LREE and
MREE have more affinity for weak carboxylic ligands, such as acetic acid, than the HREE
whereas HREE have more affinity for strong multidentate ligands, such as EDTA, than LREE
and MREE. This general increase in the log Ki,/K;, ratio with increasing stability constants
can be used to assess the consistency and accuracy of the new optimized parameters obtained
for the 80 HA sites. It is remarkable that the REE-HA log K values defined by the new
optimized parameters show a similar positive correlation (R?=0.75) as do the data for the 101
ligands, whereas the parameters obtained in WHAM 6/Model VI lead to a dispersion of the
log (KL/Kyp,) versus the average stability constants in Figure 3 (no observed correlation).
More particularly, because of the log Kya-Log Ky linear relationship in WHAM 6/Model
VI, strong HA sites (i.e. average REE log K > 15) present K;, > Ky, which is not observed
among either the 101 organic ligands or the HA sites defined with the new PHREEQC/Model
VI parameters. Consequently, PHREEQC/Model VI appears to be more realistic than WHAM

6/Model VL

4.2. REE distribution on HA sites

This section compares the REE speciation on the HA surface obtained using the
WHAM 6/Model VI hypotheses (i.e. using the log Kyma-log Kyp linear relationship and a
single and constant ALK, value for all REE; Tipping, 1998) and the new hypotheses

stemming from this study and involved in PHREEQC/Model V1.
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In Model VI, 80 different sites are expected to participate in the cation-HA binding.
To simplify the REE speciation on the HA surface, these 80 sites can be gathered in several
groups based on two main characteristics: the chemical nature of the ligands (i.e. carboxylic
groups: CG, phenolic groups: PG and carboxy-phenolic groups: CPG) and their denticity (i.e.
mono-, bi- and tridentate sites).

Figure 4 displays the calculations performed at high metal loading using Pourret et
al.'s experimental conditions (2007b), namely HA = 5mg L', and over a wide pH range for
La, Eu and Lu, respectively. At high metal loading, the few strong binding sites play a
subordinate role in HA-REE complexation. The criterion that primarily differentiates the two
simulations is the chemical nature of the binding sites (i.e. whether they are CG, CPG or PG
sites). The WHAM 6/Model VI complexation hypotheses yield very similar speciation results
for all of the REE. The complexation is dominated by CPG in each case (Lacpg = 50-80%:;
Lucpg = 50-60%). The situation is clearly different if the new hypotheses and new modeling
parameters are used. The speciation of La and Lu is no longer similar. The dominant REE-HA
species for La is CG (80 to 100% vs. pH) instead of CPG when using the equations and
parameters of WHAM 6/Model VI. The LREE speciation generated by the new equations and
parameters (dominant role of the carboxylic groups) is consistent with the C 1s-NEXAFS
analysis of Eu-HA complexes at high metal loading and low pH (pH = 5.1), which showed
that Eu was bound to HA carboxylic sites (Plaschke et al., 2004; Naber et al., 2006). Note that
the new equations and parameters do not induce significant changes in Lu-HA speciation.

With regards to the effects of site denticity under high metal loading and varying pH
conditions (data not shown), the main consequence of the new equations and parameters is to
reduce the relative amount of the REE bound to monodentate sites to almost 0%, whereas it

could reach 15% at pH = 7 with the WHAM 6/Model VI parameters. REE-HA binding occurs
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mainly through bidentate sites (80-90%) under high metal loading conditions, regardless of
the REE and pH. Only a small proportion (10 to 20%, depending on the REE) is bound to the
tridentate sites. Another consequence of the new equations and parameters is a drastic
decrease of the REE bound to tridentate sites at low metal loading (Marsac et al. 2010;
experimental conditions). The WHAM 6/Model VI equations and parameters led to a (i) large
increase of the REE bound to HA tridentate sites with decreasing metal loading at pH = 3
(20% at 2 107 metal loading to 60% at 4 10 metal loading for La) (Fig. 5) and (ii)
fractionation between La and Lu: the relative amount of La bound to tridentate sites increased
much more strongly than that of Lu with decreasing metal loading. The new equations and
parameters clearly modify the REE speciation on HA sites. Firstly, the increase of the REE
bound to tridentate sites with decreasing metal loading is less pronounced. Secondly, the
amount of La bound to tridentate sites always remains lower than that of Lu even under very
low metal loading. This effect is clearly a consequence of the disappearance of multidentate
sites combining REE log K >15 and log K;, > log Ky, in the new modeling strategy, a

combination that is totally unrealistic based on Figure 3.

4.2. Consequences for cation competition

In natural waters, the REE compete with many other dissolved cations during HA
complexation. Among the cations present in natural waters, several cations, such as Fe’" and
AP*", are known to complex strongly with HA (Tanizaki et al., 1992; Takahashi et al., 1997;
Dupré et al., 1999; Olivié-Lauquet et al., 1999; Allard at al., 2004; Tipping et al., 2002;
Tipping, 2005; Lofts et al., 2008), and are therefore a strong potential competitor of REE for
HA binding. Experimental studies of a single REE (Lippold et al., 2005; 2007) and a

modeling study of the whole REE series (Tang and Johannesson, 2003) showed that Al and
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Fe could significantly reduce the amount of the REE bound to HA. Therefore, the question to
be asked is if metal competition could modify the REE-HA pattern. This cation-REE
competition can be accessed through WHAM 6/Model VI simulations. Although the log Kya-
log Kyp linear relationship used in WHAM 6/Model VI implies that all cations will exhibit
the same carboxylic to phenolic HA site affinity, the competitive metal tendency to form
strong multidentate complexes (simulated by the ALK, parameter) can modify the REE-HA
pattern. For instance, the ALK, value is equal to 0.46 for AI’" and 2.2 for Fe*" (Tipping,
1998). Therefore, according to WHAM 6/Model VI's definition of HA, AI’" and Fe’" will
compete more efficiently for the LREE and HREE, respectively, since the ALK, parameter
increases from La to Lu. However, the results obtained here demonstrate that the LREE and
HREE are not complexed to the same sites. The LREE are preferentially complexed to
carboxylic sites, whereas the HREE are preferably bound to carboxy-phenolic sites (Fig. 4).
Therefore, a metal will compete with the REE in different ways depending on whether it
complexes itself preferentially with the carboxylic or phenolic sites. This unequal competition
will produce REE-HA fractionation patterns that are different from the WHAM 6/Model VI
simulations. The occurrence of competing metals with strong affinities for phenolic sites will
lead to a release of part of the HREE bound to HA. As part of the HA phenolic groups are
unavailable for REE binding, the resulting REE-HA pattern will present the specific feature of
carboxylic ligands such as acetic acid (Fig. 1a). Given that competing metals have strong
affinities for carboxylic sites, this will lead to a relative decrease in the LREE bound to HA.
The resulting REE-HA pattern will present the specific feature of phenolic ligands such as

catechol (Fig. 1b).
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To evaluate the expected effects of metal competition on the REE-HA binding
patterns, the stability constants of the potential competing metals with acetic acid and catechol
were compiled and compared both between them and with the stability constants of the REE
(IUPAC, Stability Constants Database). Metals such as A’ and Cu®’, with regards to their
high affinity for phenol-bearing sites, should preferentially compete with the HREE (Fig. 6).
The resulting REE pattern should exhibit a lower increase for HREE than that expected
without any competition. Cadmium competition should result in a relative LREE depletion in
the REE-HA pattern, as Cd®" has more affinity for carboxylic groups (assumed to be
analogous with acetic acid) than for phenolic groups (assumed to be analogous with catechol)
when compared with the average REE. By contrast, Fe’" competition should not result in a
fractionation of the REE-HA pattern since Fe’” presents a relative affinity for carboxylic and
phenolic groups, equal to that of the average REE. Note that the effect of AI’" and Fe’ on the
REE-HA pattern with regards to their affinity for carboxylic and phenolic ligands is opposed
to what is expected with WHAM 6/Model VI. These presumed impacts, though plausible,
must nevertheless be viewed with caution: only the affinity for carboxylic and phenolic
ligands is discussed here. The metal affinity for multidentate ligands is also a binding
mechanism thereby affecting the REE-HA pattern. As compared to the light rare earth
elements, heavy rare earth elements are indeed more bound to the HA multidentate sites.
Experimental studies should be conducted to confirm if this statement is both true and
accurate. The present improvements in the modeling of REE-HA binding will therefore
provide a valuable and powerful tool for the interpretation of future experimental results.

These expected effects of metal competition on the REE-HA pattern have two
important implications. (i) The change in the REE pattern could provide a way to highlight

the occurrence of competing processes. It might even help to clarify the affinity of a given
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metal for the different HA sites. Several studies have shown the difficulty of calibrating
cation-HA binding parameters, especially in cation competition experiments. An example of
this is Al with the NICA-Donnan model (Kinniburgh et al., 1996). Because Al is a possible
competitor to Pb, Kinniburgh et al. (1999) considered that Al was only bound to phenolic
groups. However, since Al is able to compete with Cd and Pb, Pinheiro et al. (2000)
considered that Al and Pb were only assigned to be bound with carboxylic groups. Our results
suggest that the REE-HA pattern could be used as a probe of the metal affinity for HA
binding sites in further REE-metal competition experiments, depending on whether the metal
competes with LREE (i.e. a higher affinity for HA carboxylic sites), HREE (i.e. a higher
affinity for HA phenolic sites) or every REE. (i1)) The REE pattern variability in natural
organic-rich waters is generally attributed to the competition between dissolved organic
matter (DOM) and carbonate (Elderfield et al., 1990; Tang and Johannesson, 2010). A
MREE-enrich pattern is observed when REE binding by DOM dominates, whereas a HREE-
enrich pattern is observed (a REE-carbonate log K increase from LREE to HREE; Luo and
Byrne, 2004) when REE binding by carbonate dominates. However, the LREE and HREE
affinity for HA can also vary with regards to the considered metal loading (cation/DOM
concentration ratio). Therefore, the present study suggests that not only the metal loading
could account for the diversity of the REE patterns in organic-rich waters (Marsac et al.,

2010), but also the “phenolic” and “carboxylic” competing cations, especially AI*" and Fe*".

S. CONCLUSION

The results show that removal of the log Kma-log Kygp linear relationship existing in
Model VI, coupled with the introduction of two independent ALK, sets to describe the REE

equilibrium complexation with HA low density strong sites, resulted in a strong improvement
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of REE-HA interaction modeling. This new modeling approach allows, for the first time, to
simultaneously and satisfactorily model a large set of multi-REE binding to HA experimental
data. The increase for HREE in the log Kyp pattern, obtained by removing the linear
relationship, is consistent with the phenolic nature of type B sites and REE-catechol binding
constants, as cathecol is considered as analogous with phenolic ligands. REE log K with the
80 HA sites defined in Model VI, calculated from the newly optimized REE-HA Model VI
parameters, are consistent with the REE stability constants for the 101 simple organic ligands,
in contrast with the previous data. The introduction of the new Model VI equations and
parameters into PHREEQC allows for the first time to highlight the speciation of the REE at
the HA surface. The modeling data show that the LREE and HREE are not bound to similar
HA sites. The LREE are preferentially bound to carboxylic groups, whereas HREE are
preferentially complexed to carboxy-phenolic and phenolic groups. As a consequence, a
different REE-HA pattern could arise from competition between cations and REE for HA
binding, depending on the cation affinity for these different groups. A survey of available data
shows that competition with AI*" should result in a release of part of the HREE bound to HA,
whereas competition with Fe*” should not have any effect on the REE-HA pattern. Competing
cations for phenolic and carboxylic HA sites may therefore account for the diversity of the
REE patterns observed in natural organic-rich waters.

Further experimental studies have to be conducted to confirm the accuracy of these
predictions, which should largely benefit from the performed improvements in the modeling
of REE-HA interactions. The PHREEQC/Model VI model set-up provides a valuable and
powerful tool for the interpretation of complex REE-competitor metal-HA interactions. The
PHREEQC/Model VI coupling should also improve the hydrochemical modeling of the REE

sincec PHREEQC/Model VI accounts for chemical reactions such as mineral
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dissolution/precipitation, redox reactions, and the modeling of kinetically-controlled reactions
and one-dimensional transport. Finally, it should be highlighted that the new modeling results
argue for the development of fine spectroscopic measurements to confirm the exact nature of

the HA sites involved in the complexation of the REE by HA.

SUPPORTING INFORMATION AVAILABLE
Appendices containing PHREEQC input files, the PHREEQC database used in this study and
the detailed calculation of the REE-HA stability constants are available free of charge. In the

latter document a method is proposed to introduce another cation in PHREEQC/Model V1.
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Table and Figure Captions

Table 1. Parameters used in this study to model REE binding by humic acid.

Table 2. Log Kva, log Kyp, ALK, and ALK,p values fitted from the experimental data using

PHREEQC/Model VI. The quality of the fit is determined by the rmse, calculated as

\/ mean(logv, —log v_.)" , where v is the amount of REE bound to HA per gram of DOC

for the experimental and modeled data, respectively. The log Ky, log Kyp, ALK, (where
ALK, = ALK;,c = ALKjp) data published by Marsac et al. (2010) using WHAM 6/Model VI

are shown for comparison.

Figure 1. Comparison of the REE patterns for the HA binding parameters obtained by Marsac
et al. (2010) with WHAM 6/Model VI and the patterns obtained with PHREEQC/Model VI:
(a) log Kya compared with log K (REE-acetic acid), (b) log Ky compared with log K(REE-
catechol) and (¢) ALK;,c and ALKyp (this study) compared with ALK, (Marsac et al., 2010;

ALKz = ALKzC = ALKZP).
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Figure 2. Comparison between published experimental data for REE binding with HA and
the results of simulations of the same data using WHAM 6/Model VI and PHREEQC/Model
VI, respectively. The experimental data are from Pourret et al. (2007b) (a), Marsac et al.
(2010) (b) and Sonke and Salters (2006) (c). The "patterns shown" correspond to the REE-HA

patterns, presented for the experiments demarcated with an open symbol, in (d), (¢) and (f).

Figure 3. Log (K. ,/Ki,) versus the average REE Log Kggg values obtained for 101 organic
ligands (Byrne and Li, 1995) and for the 80 ligands defined in WHAM 6/Model VI and
PHREEQC/Model VI. Log (K.,/Ky,) is used as an indicator of the REE-ligand pattern. The
linear regression for the 101 organic ligands (Byrne and Li, 1995) and for the 80 HA sites

obtained here with PHREEQC/Model VI are also presented.

Figure 4. Speciation calculation results for La (a), Eu (b) and Lu (c¢) depending on the
complexation hypotheses used. The simulated experimental data are those from Pourret et al.

(2007b). CG: carboxylic groups; CPG: carboxy-phenolic groups; PG: phenolic groups.

Figure 5. The proportion of La and Lu bound to tridentate sites versus the REE/HA ratios.
The displayed evolutions depend on whether the new equations and parameters or those
formerly installed in WHAM6/Model VI are used. The simulated experimental data are from

Marsac et al. (2010).

Figure 6. Literature compilation of metal-acetic acid or -catechol binding constants. The
straight line passing through the mean REE value indicates metals that should not compete

differently with the LREE and MREE. Conversely, metals below this line, such as Cd2+,
-32.-



739  should compete primarily with the LREE, whereas those above this line, such as Al’", should
740  be mainly in competition with the HREE. Data sources: [IUPAC Stability constants database.

741
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742

Parameter  Description Values
np Amount of type A sites (mol g) 33107
ng Amount of type B sites (mol g'l) 0.5 xny
pKa Intrinsic proton dissociation constant for type A sites 4.1
pKg Intrinsic proton dissociation constant for type B sites 8.8
ApK4 Distribution term that modifies pK, 2.1
ApKg Distribution term that modifies pKp 3.6
Intrinsic equilibrium constant for metal binding at type  Fitted from
log Kyia
A sites experimental data
Intrinsic equilibrium constant for metal binding at type Fitted from
lOg KMB
B sites experimental data
ALK, Distribution term that modifies log Ky and log Kys 2.8
Distribution term that modifies the strengths of Fitted from
ALK,
bidentate and tridentate sites experimental data
Fitted from WHAM
SA HA surface area (m? g'l)
6/Model VI simulations
K Debye-Hiickel parameter (m) (3.29x 109 x 1'%
743
744 Table 1
745
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746

747

REE log KMA(” log KMAO) log KMB“) log KMBO) ALKz(l) ALKZC(Z) ALKZP(z) rmse'? rmse®
La 2.70 3.29 8.00 4.39 1.10 2.01 4.39 0.09 0.07
Ce 2.72 3.34 8.07 4.54 1.15 2.02 443 0.08 0.06
Pr 2.73 3.36 8.10 4.69 1.20 2.06 4.46 0.07 0.05
Nd 2.74 3.37 8.14 4.76 1.20 2.06 4.46 0.08 0.05
Sm 2.75 3.39 8.17 4.90 1.30 2.09 4.54 0.08 0.05
Eu 2.74 3.36 8.14 4.98 1.35 2.10 4.57 0.08 0.05
Gd 2.72 3.33 8.07 4.99 1.35 2.10 4.57 0.10 0.06
Tb 2.71 3.30 8.04 5.03 1.50 2.12 4.68 0.11 0.06
Dy 2.70 3.27 8.00 5.06 1.60 2.14 4.75 0.12 0.07
Ho 2.69 3.24 7.97 5.09 1.65 2.16 4.79 0.14 0.08
Er 2.69 3.25 7.97 5.09 1.70 2.17 4.82 0.15 0.09
Tm 2.67 3.22 7.90 5.14 1.90 2.22 4.97 0.15 0.09
Yb 2.65 3.19 7.83 5.18 2.05 2.26 5.08 0.15 0.10
Lu 2.64 3.16 7.80 5.23 2.10 2.31 5.11 0.16 0.10

Mean 2.70 3.29 8.02 4.93 1.51 2.13 4.69 0.11 0.07

748 (1) Marsac et al. (2010)

749 (2) This study

750

751 Table 2

752
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