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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 car-
boxy–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 competi-
tion with Al3+ could lead to the development of HREE-depleted HA patterns. This new model should improve the hydro-
chemical 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.
� 2011 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Dissolved humic acids (HA) are complex macro-mole-
cules that contain a large variety of functional groups giv-
ing rise to strong binding capacities with cations. Because
of HA 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-cat-
ion binding surface groups are the carboxylic and phenolic
groups. Each type covers a large range of cation stability
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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 display-
ing specific stability constants, and NICA-Donnan (Kinni-
burgh 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 distri-
bution 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 mathe-
matical correlations are very useful to estimate phenolic
binding parameters from carboxylic binding parameters,
notably when experimental data are limited or non-existent.
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For Model VI, Tipping (1998) chose to impose a linear rela-
tionship between the carboxylic and phenolic cation bind-
ing parameters (log KMA and log KMB, respectively).
Thus, only one parameter has to be adjusted in order to de-
scribe the interaction of cations with humic acids using
Model VI, i.e. log KMA.

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 visual-
ized in the plot of the intrinsic stability constants (log K)
or the partition coefficient between two phases (log Kd) ver-
sus the REE atomic number. Different and specific shapes
of log K 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 parti-
tioning 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 Kd pat-
tern 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 Kd 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. Mar-
sac 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, DLK2, vary among
the REE series instead of keeping it constant, as commonly
assumed. However, although there is a good agreement be-
tween the experimental and modeled data, the HA sites de-
fined 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 K-

MA � log KMB 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 (IUPAC, Stability
Constants Database). Because phenolic sites have a lower
acidic constant (Ka) 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 techni-
cally 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, respec-
tively) in order to be able to measure the REE aqueous con-
centration at low REE/HA ratios. Pourret et al. (2007b)
explored higher pH values (up to 10.5), but the high im-
posed 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 carbox-
ylic sites in their ability to complex REE. The stability con-
stants of the REE–HA phenolic sites were thus
independently estimated. For this purpose, Model VI equa-
tions were introduced into PHREEQC (Parkhurst and
Appelo, 1999), following Liu et al. (2008). The PHRE-
EQC/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).

2. MATERIALS AND METHODS

2.1. Humic Ion binding Model VI

The humic-ion binding Model VI was developed by Tip-
ping (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�1) type A sites and nA/2 type
B sites. Proton binding is described by the two median
intrinsic constants (pKA or pKB) and two parameters defin-
ing the spread of the equilibrium constants around the med-
ian (DpKA or DpKB). The intrinsic equilibrium constants
for cation binding are defined by two median constants
(log KMA and log KMB), together with parameters (DLK1A

and DLK1B) that define the spread of the values around
the medians. By considering the results from many datasets,
a universal average value of DLK1 was obtained for all cat-
ions (2.8) and a linear relationship was established between
the log KMB and log KMA parameters (Tipping, 1998):

logKMB ¼ 3:39� logKMA � 1:15 ð1Þ

Therefore, only one single adjustable parameter (log K-

MA) is necessary to describe metal complexation by HA in
Model VI. In Model VI, cations first hydrolysis products
(e.g. LaOH2+) 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
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values of the monodentate sites of which they are consti-
tuted. 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 mul-
tidentate groups are increased by the DLK2 parameter, the
so-called “strong binding site term” (Tipping, 1998). DLK2

is attributed to both favorable spatial arrangements of the
ligands, which stabilizes the complex, and to the chelate ef-
fect or participation of ligands, such as the nitrogen-con-
taining groups. DLK2 is the parameter of the HA site
heterogeneity. An elevation of DLK2 increases the range
of the stability constants covered by the HA sites, thus
increasing the heterogeneity of the HA sites. The total het-
erogeneity 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–Hückel parameter j. The distribution of ions
between the diffuse layer and the bulk solution is calculated
by a simple Donnan model. The Donnan volume (VD) is
the volume adjacent to the surface. The electrostatic correc-
tion is represented by an empirical equation which mimics
the Boltzmann factor:

expð�zF w=RTÞ ¼ expð�2PzZlog10IÞ ð2Þ

where P is an adjustable parameter, z is the ion charge, Z is
the net humic acid charge (eq/g), I is the ionic strength
(mol L�1), w is the surface potential (V), T is the tempera-
ture (K), F is the Faraday constant and R is the gas con-
stant. 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 satura-
tion-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 introduced into the
PHREEQC “minteq.v4” database. Before removing the
constraint imposed by the linear relationship between
Table 1
Parameters used in this study to model REE binding by humic acid.

Parameter Description

nA Amount of type A sites (mol g�1)
nB Amount of type B sites (mol g�1)
pKA Intrinsic proton dissociation constant for type A
pKB Intrinsic proton dissociation constant for type B
DpKA Distribution term that modifies pKA

DpKB Distribution term that modifies pKB

log KMA Intrinsic equilibrium constant for metal binding
A sites

log KMB Intrinsic equilibrium constant for metal binding
B sites

DLK1 Distribution term that modifies log KMA and log
DLK2 Distribution term that modifies the strengths of

Bidentate and tridentate sites
SA HA surface area (m2 g�1)
j Debye–Huckel parameter (m)
log KMA and log KMB, 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 SOLU-
TION_MASTER_SPECIES, SOLUTION_SPECIES and
PHASES in the “minteq.v4” database. The 80 types of sites
considered by Model VI were defined as the SUR-
FACE_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 DLK2

values – 0. Therefore, the 80 binding sites defined by Tip-
ping (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 com-
plexes in solution. The results obtained differed between
both models. The DLK1 parameter (=2.8) should actually
be defined as DpKA � DLK1A,* for carboxylic groups, and
as DpKB � DLK1B, for phenolic groups (i.e. DLK1A = �0.7
and DLK1B = 0.8). In order to model the non-specific bind-
ing in a similar fashion (i.e. ions accumulated around HA
molecules by electrostatic attraction) as well as the electro-
static 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, exclud-
ing the presence of co-ions. The Debye–Hückel parameter
j was calculated from the relationship: j = (3.29 �
109 � I1/2)�1 (Appelo and Postma, 2005). In PHREEQC,
the surface area (SA), upon which the Boltzmann factor de-
pends, is an adjustable parameter. Marsac et al. (2010)
determined Model VI REE–HA specific binding parameter
with P = �330. To satisfy Eq. 2, the PHREEQC SA was
simply determined by fitting the HA surface charge
(QWHAM in eq g�1) 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 m2 g�1 at an ionic strength
Values

3.3 � 10�3

0.5 x nA

sites 4.1
sites 8.8

2.1
3.6

at type Fitted from experimental data

at type Fitted from experimental data

KMB 2.8
Fitted from experimental data

Fitted from WHAM 6/Model VI simulations
(3.29 � 109 � I1/2)�1
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0.001, 0.01 and 0.1, respectively. By this method we found
QPHREEQC = 0.92 � QWHAM + 3 � 10�4 (R2 = 1). Since
SA decreases with P, our results are consistent with those
of Liu et al. (2008) who determined SA = 30000 m2 g�1 at
an ionic strength of 0.015 mol L�1 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 pro-
vide data for the entire REE group and they covered a large
range of pHs, metal loading and organic ligand competi-
tion. The experimental conditions of the three datasets used
are given below.

2.3.1. Pourret et al’s. data base (2007b)

Pourret et al. (2007b) performed REE–HA binding
experiments for the 14 REE simultaneously over pHs rang-
ing from 2 to 10.5 at an ionic strength (IS) of 10�3 M. The
HA used was purified Aldrich Humic Acid. The experi-
ments were performed with 50 ppb of each REE at three
HA concentrations: 5, 10, and 20 mg L�1 (5 � 10�3

<REE/HA <2 � 10�2 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 bind-
ing with increasing pH and 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 carbox-
ylic 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 cali-
bration 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�4 <REE/HA <2.7 � 10�2 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�2 M. Marsac et al. (2010) observed an increase in the
REE–HA binding and a change in the log K REE–HA pat-
tern 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 load-
ing, the REE are bound to HA by low density strong mul-
tidentate 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 (2 � 10�4 mol
REE/mol C), slightly acidic to basic pH (6–9) and an
IS = 0.1 M. The separation and measurement of the
EDTA–REE and HA–REE complexes were done by capil-
lary electrophoresis coupled with ICP-MS. This study pro-
vides 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’ exper-
iments (2006), EDTA was introduced into the PHREEQC
“minteq.v4” database as the SOLUTION_MASTER_SPE-
CIES and SOLUTION_SPECIES. The four EDTA pro-
tonation 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 (Tip-
ping, 1998). This method was used by several authors to
estimate the log KMA parameter in Model VI (or the previ-
ous version, Model V) in order to describe the REE–HA
binding (Tang and Johannesson, 2003; Sonke, 2006; Pour-
ret 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 KMA (pKMA in Model
V) and log K for metal complexation by acetic acid. How-
ever, Marsac et al. (2010) demonstrated that log KMA for
the HREE are lower than those estimated by LFER when
log KMA and DLK2 were optimized simultaneously. The de-
crease in log KMA compensates for the high DLK2 values
obtained for the HREE. Here, the new REE log KMA were
optimized, thus keeping a linear relationship with log KMA

reported in Marsac et al. (2010). This method allows pre-
serving the same pattern. Log KMA, the REE–HA carbox-
ylic binding parameter, mainly influences the calculation
of REE–HA binding at acidic to neutral pHs since the car-
boxylic groups have high proton dissociation constants.
Therefore, the log KMA values were first optimized by fit-
ting the “acidic” experimental data from Pourret et al.
(2007b) and Marsac et al. (2010).

Log KMB represents the binding parameter for the HA
phenolic groups. However, no stability constants are cur-
rently available for REE complexation by phenol. Therefore,
catechol was used as an analog. A linear relationship was ap-
plied between the log K values for REE-catechol (IUPAC
stability constant database) and log KMB in order to impose
a phenolic-type pattern onto log KMB. Because phenolic
groups have low acidic constants (Ka), the influence of
log KMB on REE–HA binding is mainly observed at neutral
to basic pHs. Therefore, log KMB was optimized by fitting
the data of Sonke and Salters (2006).
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As already stated, DLK2 represents the HA heterogene-
ity parameter or the strong binding site term of Model VI.
DLK2 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
DLK2 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 DLK2 values for the carboxylic and
phenolic sites. In the same way that PHREEQC/Model
VI allows independent log KMA and log KMB optimization,
it also allows different DLK2 values to be ascribed to the
multidentate sites depending on their composition in car-
boxylic (DLK2C) or phenolic (DLK2P) sites. Note that the
strong binding site terms of the carboxylic–phenolic multid-
entate sites are calculated as the DLK2C and DLK2P

weighted average, depending on the chemical composition
of the sites. Because the density of the multidentate sites
is low at the surface of HA, their control on REE binding
occurs mainly under low metal loading conditions, and un-
der low and high pH conditions for the carboxylic and phe-
nolic sites, respectively. Consequently, DLK2C optimization
was first performed with Marsac et al. s data (2010) and
DLK2P optimization with Sonke and Salters’ data (2006).
Both DLK2C and DLK2P were constrained to increase pro-
gressively from La to Lu due to a linear correlation between
the new DLK2C and DLK2P and the DLK2 previously re-
ported by Marsac et al. (2010).

Errors between the experimental data and the calcula-
tions were quantified by the root mean square error of
the regression (rmse), i.e. the sum of the squares of the dif-
ferences between the observed and calculated log t, where t
is the amount of REE bound to HA per gram of dissolved
Table 2
log KMA, log KMB, DLK2C and DLK2P values fitted from the experime

determined by the rmse, calculated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
meanðlog mexp � log mcalcÞ2

q
, where

experimental and modeled data, respectively. The log KMA, log KMB, DLK

(2010) using WHAM 6/Model VI are shown for comparison.

REE log KMA
(1) log KMA

(2) log KMB
(1) log KMB

(2)

La 2.70 3.29 8.00 4.39
Ce 2.72 3.34 8.07 4.54
Pr 2.73 3.36 8.10 4.69
Nd 2.74 3.37 8.14 4.76
Sm 2.75 3.39 8.17 4.90
Eu 2.74 3.36 8.14 4.98
Gd 2.72 3.33 8.07 4.99
Tb 2.71 3.30 8.04 5.03
Dy 2.70 3.27 8.00 5.06
Ho 2.69 3.24 7.97 5.09
Er 2.69 3.25 7.97 5.09
Tm 2.67 3.22 7.90 5.14
Yb 2.65 3.19 7.83 5.18
Lu 2.64 3.16 7.80 5.23
Mean 2.70 3.29 8.02 4.93

(1) Marsac et al. (2010).
(2) This study.
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 good-
ness 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 ad-
justed until a reasonable fit – quantified by the rmse –
was reached. The results are presented in Table 2. In
Fig. 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. ace-
tic acid for log KMA and catechol for log KMB). The follow-
ing equations for the linear relationships were used to
determine the REE–HA specific binding parameters with
PHREEQC/Model VI:

logKMA ¼ 2:12� logKMAð1Þ � 2:44 ðR2 ¼ 0:98Þ ð3Þ

logKMB ¼ 0:37� logKðREE� catecholÞ þ 0:86 ðR2 ¼ 0:95Þ ð4Þ

DLK2c ¼ 0:26� DLK2ð1Þ þ 1:74 ðR2 ¼ 0:97Þ ð5Þ

DLK2p ¼ 0:72� DLK2ð1Þ þ 3:60 ðR2 ¼ 1Þ ð6Þ

where log KMA(1) and DLK2(1) refer to the log KMA and
DLK2 values determined by Marsac et al. (2010).
ntal data using PHREEQC/Model VI. The quality of the fit is

m is the amount of REE bound to HA per gram of DOC for the

2 (where DLK2 = DLK2C = DLK2P) data published by Marsac et al.

DLK2
(1) DLK2C

(2) DLK2P
(2) rmse(1) rmse(2)

1.10 2.01 4.39 0.09 0.07
1.15 2.02 4.43 0.08 0.06
1.20 2.06 4.46 0.07 0.05
1.20 2.06 4.46 0.08 0.05
1.30 2.09 4.54 0.08 0.05
1.35 2.10 4.57 0.08 0.05
1.35 2.10 4.57 0.10 0.06
1.50 2.12 4.68 0.11 0.06
1.60 2.14 4.75 0.12 0.07
1.65 2.16 4.79 0.14 0.08
1.70 2.17 4.82 0.15 0.09
1.90 2.22 4.97 0.15 0.09
2.05 2.26 5.08 0.15 0.10
2.10 2.31 5.11 0.16 0.10
1.51 2.13 4.69 0.11 0.07
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The removal of the constraint imposed by the linear
relationship between log KMA and log KMB in WHAM6/
Model VI and the use of REE-catechol binding parameters
results in a significant increase of the log KMA values (3.29
versus 2.7, on average, in Marsac et al. 2010). By contrast,
the log KMB 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 KMB values produced indepen-
dently with PHREEQC/Model VI are very different from
the log KMB values calculated with the log KMB-log KMA

linear correlation established by Tipping (1998) in
WHAM6/Model VI (Eq. 1). The present log KMA and
log KMB are not related to each other by a linear correla-
tion, but their relative order of magnitude order is pre-
served, log KMB > log KMA. Tipping (1998) obtained
values of log KMA(Eu) = 3.09 and log KMB(Eu) = 5.33,
when they independently optimized the log KMA and
log KMB 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 KMB(Eu) = 4.98; (Ta-
ble 2). The DLK2C and DLK2P values obtained here are
higher than the DLK2 values reported in Marsac et al.
(2010) (denoted as DLK2(1) in Table 2) for all REE. Hence,
HA appears more heterogeneous with respect to REE bind-
ing when the constraint of a single DLK2 value is deleted.
The DLK2C and DLK2P patterns also differ from the
DLK2 patterns given in Marsac et al. (2010). The major
change concerns the DLK2C pattern which presents a lower
increase for HREE than Marsac et al. (2010) DLK2

(Fig. 1c). This lower increase for HREE is the consequence
of both the introduction of REE-phenolic site binding con-
stants 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 DLK2P, are no longer constrained
to accommodate so much HREE, which explains why the
increase in DLK2P for HREE is less pronounced as com-
pared to DLK2 presented in Marsac et al. (2010) (Fig. 2c).

In Model VI, the DLK2 are thought to depend on either
the geometry of the carboxylic and phenolic multidentate
sites (DLK2 accounts for favorable arrangement of the spa-
tial ligands that stabilize REE complexes), or the involve-
ment of additional groups, notably nitrogen-containing
groups (Tipping, 1998). Tipping (1998) suggested that
DLK2 could be estimated from the metal stability constants
with NH3. Therefore, DLK2 is linearly correlated with the
stability constant of metal-NH3 complexes in WHAM 6/
Model VI. The DLK2 values obtained for the REE using
this linear relationship are very low (e.g. 0.29 for Eu), and
much lower than the DLK2 values calculated in Marsac
et al. (2010), and the DLK2C and DLK2P 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 the high DLK2P values stemming from the
new simulations compensate for the decrease in the log KMB

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 PHRE-
EQC/Model VI are compared in Fig. 2 for (i) Eu binding
by HA at pH 2–7 and under high metal loading conditions
(Pourret et al’s. experimental dataset (2007b); Fig. 2a), (ii)
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 6–9 with EDTA, and un-
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der low metal loading conditions (Sonke and Salters’ data-
set (2006); Fig. 2c). The quality of the fits can also be eval-
uated by comparing the measured and simulated REE
distribution patterns (log Kd) for the data of Pourret et al.
(2007b) and Marsac et al. (2010) (Fig. 2d and e, respec-
tively), or the measured and simulated patterns of the con-
ditional REE–HA stability constants (log bHS) for Sonke
and Salters’ data (2006) (Fig. 2f). The log bHS 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
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et al.’s results (2007b) (from 0.10 to 0.07), which is primar-
ily seen in high pH conditions at low metal loading (Fig. 2a
and d). By contrast, the improvement of the fit is very sig-
nificant 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 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 bHS

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 KMA � log KMB linear relationship, the HA pheno-
lic 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 param-
eters, but remains very low.

4. DISCUSSION

The independent optimization of the HA carboxylic and
phenolic binding parameters (i.e. removal of the log K-

MA � log KMB linear relationship and DLK2 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 equa-
tions 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 pos-
sible for the first time by the introduction of Model VI into
PHREEQC.

4.1. Assessing the consistency of the new modeling

parameters

Fig. 3 presents a plot comparing the log KLu/KLa ratio,
which represent the fractionation of the REE log K pattern
with the average REE stability constants determined 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 = 0.1 M, the REE–HA log K

values were calculated at IS = 0.1 M using the Davies equa-
tion. The log KLu/KLa ratio shows a positive correlation
when reported against the average REE log K value
(R2 = 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 K-

Lu/KLa 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 opti-
mized parameters show a similar positive correlation
(R2 = 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 (KLu/KLa) versus the average stability
constants in Fig. 3 (no observed correlation). More partic-
ularly, because of the log KMA � log KMB linear relation-
ship in WHAM 6/Model VI, strong HA sites (i.e. average
REE log K > 15) present KLa > KLu, which is not observed
among either the 101 organic ligands or the HA sites de-
fined with the new PHREEQC/Model VI parameters. Con-
sequently, PHREEQC/Model VI appears to be more
realistic than WHAM 6/Model VI.

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 KMA � log KMB linear relationship and a
single and constant DLK2 value for all REE; Tipping, 1998)
and the new hypotheses stemming from this study and in-
volved in PHREEQC/Model VI.

In Model VI, 80 different sites are expected to partici-
pate in the cation-HA binding. To simplify the REE speci-
ation on the HA surface, these 80 sites can be gathered in
several groups based on two main characteristics: the chem-
ical nature of the ligands (i.e. carboxylic groups: CG, phe-
nolic groups: PG and carboxy–phenolic groups: CPG) and
their denticity (i.e. mono-, bi- and tridentate sites).

Fig. 4 displays the calculations performed at high metal
loading using Pourret et al.’s experimental conditions
(2007b), namely HA = 5 mg L�1, 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 differenti-
ates the two simulations is the chemical nature of the bind-
ing sites (i.e. whether they are CG, CPG, or PG sites). The
WHAM 6/Model VI complexation hypotheses yield very
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similar speciation results for all of the REE. The complex-
ation 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 dom-
inant REE–HA species for La is CG (80–100% vs. pH) in-
stead 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 mainly through bidentate sites
(80–90%) under high metal loading conditions, regardless
of the REE and pH. Only a small proportion (10–20%,
depending on the REE) is bound to the tridentate sites. An-
other 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 condi-
tions). The WHAM 6/Model VI equations and parameters
led to a (i) large increase of the REE bound to HA triden-
tate sites with decreasing metal loading at pH 3 (20% at
2 � 10�2 metal loading to 60% at 4 � 10�4 metal loading
for La) (Fig. 5) and (ii) fractionation between La and Lu:
the relative amount of La bound to tridentate sites in-
creased much more strongly than that of Lu with decreas-
ing 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 low-
er than that of Lu even under very low metal loading. This
effect is clearly a consequence of the disappearance of mul-
tidentate sites combining REE log K > 15 and log KLa > -
log KLu in the new modeling strategy, a combination that
is totally unrealistic based on Fig. 3.

4.3. Consequences for cation competition

In natural waters, the REE compete with many other
dissolved cations during HA complexation. Among the cat-
ions present in natural waters, several cations, such as Fe3+

and Al3+, are known to complex strongly with HA
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(Tanizaki et al., 1992; Takahashi et al., 1997; Dupré et al.,
1999; Olivié-Lauquet et al., 1999; Allard et al., 2004; Tip-
ping 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; Lippold et al., 2007) and a modeling study of
the whole REE series (Tang and Johannesson, 2003)
showed that Al and 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 KMA-log KMB linear relationship used in WHAM 6/
Model VI implies that all cations will exhibit the same car-
boxylic to phenolic HA site affinity, the competitive metal
tendency to form strong multidentate complexes (simulated
by the DLK2 parameter) can modify the REE–HA pattern.
For instance, the DLK2 value is equal to 0.46 for Al3+ and
2.2 for Fe3+ (Tipping, 1998). Therefore, according to
WHAM 6/Model VI’s definition of HA, Al3+ and Fe3+ will
compete more efficiently for the LREE and HREE, respec-
tively, since the DLK2 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–phe-
nolic sites (Fig. 4). Therefore, a metal will compete with
the REE in different ways depending on whether it com-
plexes itself preferentially with the carboxylic or phenolic
sites. This unequal competition will produce REE–HA frac-
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tionation 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 phe-
nolic groups are unavailable for REE binding, the resulting
REE–HA pattern will present the specific feature of carbox-
ylic ligands such as acetic acid (Fig. 1a). Given that compet-
ing 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).

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 cate-
chol were compiled and compared both between them
and with the stability constants of the REE (IUPAC, Sta-
bility Constants Database). Metals such as Al3+ and
Cu2+, 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 Cd2+ has more affin-
ity for carboxylic groups (assumed to be analogous with
acetic acid) than for phenolic groups (assumed to be analo-
gous with catechol) when compared with the average REE.
By contrast, Fe3+ competition should not result in a frac-
tionation of the REE–HA pattern since Fe3+ presents a rel-
ative affinity for carboxylic and phenolic groups, equal to
that of the average REE. Note that the effect of Al3+ and
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Fe3+ 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 im-
pacts, though plausible, must nevertheless be viewed with
caution: only the affinity for carboxylic and phenolic li-
gands 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 ele-
ments, 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 metal for the dif-
ferent HA sites. Several studies have shown the difficulty of
calibrating cation-HA binding parameters, especially in cat-
ion competition experiments. An example of this is Al with
the NICA-Donnan model (Kinniburgh et al., 1996). Be-
cause 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 fur-
ther REE-metal competition experiments, depending on
whether the metal competes with LREE (i.e. a higher affin-
ity for HA carboxylic sites), HREE (i.e. a higher affinity for
HA phenolic sites) or every REE. (ii) The REE pattern var-
iability 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 ra-
tio). 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 cat-
ions, especially Al3+ and Fe3+.

5. CONCLUSION

The results show that removal of the log K-

MA � log KMB linear relationship existing in Model VI,
coupled with the introduction of two independent DLK2

sets to describe the REE equilibrium complexation with
HA low density strong sites, resulted in a strong improve-
ment 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 KMB pattern, obtained by removing the linear relation-
ship, is consistent with the phenolic nature of type B sites
and REE-catechol binding constants, as cathecol is consid-
ered 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 con-
sistent 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 parame-
ters 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 bind-
ing, depending on the cation affinity for these different
groups. A survey of available data shows that competition
with Al3+ should result in a release of part of the HREE
bound to HA, whereas competition with Fe3+ should not
have any effect on the REE–HA pattern. Competing cat-
ions for phenolic and carboxylic HA sites may therefore ac-
count 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 lar-
gely benefit from the performed improvements in the mod-
eling 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 inter-
actions. The PHREEQC/Model VI coupling should also
improve the hydrochemical modeling of the REE since
PHREEQC/Model VI accounts for chemical reactions such
as mineral 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.
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APPENDIX A. SUPPLEMENTARY DATA

Appendices containing PHREEQC input files, the
PHREEQC database used in this study and the detailed
calculation of the REE–HA stability constants are available
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free of charge. In the latter document a method is proposed
to introduce another cation in PHREEQC/Model VI. Sup-
plementary data associated with this article can be found, in
the online version, at doi:10.1016/j.gca.2011.07.009.
REFERENCES

Allard T., Menguy N., Salomon J., Calligaro T., Weber T., Calas
G. and Benedetti M. F. (2004) Revealing forms of iron in river-
borne material from major tropical rivers of the Amazon Basin
(Brazil). Geochim. Cosmochim. Acta 68, 3079–3094.

Appelo C. and Postma D. (2005) Geochemistry, groundwater and

pollution. second ed.. Taylor & Francis, New York, p. 595.
Bidoglio G., Grenthe I., Qi P., Robouch P. and Omentto N. (1991)

Complexation of Eu and Tb with fulvic acids as studied by time-
resolved laser-induced fluorescence. Talanta 38(9), 999–1008.

Byrne R. H. and Li B. (1995) Comparative complexation behav-
iour of the rare earth elements. Geochim. Cosmochim. Acta 59,

4575–4589.

Davranche M., Pourret O., Gruau G., Dia A. and Le Coz-Bouhnik
M. (2005) Adsorption of REE(III)–humate complexes onto
MnO2: experimental evidence for cerium anomaly and lantha-
nide tetrad effect suppression. Geochim. Cosmochim. Acta 69,

4825–4835.
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