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Abstract- Competitive mechanisms between rare earth elements (REE) and iron (Fe) for
humic acid (HA) binding were investigated by coupling laboratory experiments and modeling
calculations using PHREEQC/Model VI. This study aims, firstly, at determining the effect of
Fe on REE-HA binding, in order to explain the REE pattern variability observed in natural
organic-rich waters. Secondly, it has previously been shown that light and heavy REE (L- and
HREE) speciation with HA molecules differ with pH. Therefore, REE-HA complexation
patterns have been used as a probe of Fe-HA binding mechanisms. At pH 3, i.e. pH conditions
at which Fe** binds to HA, Fe is shown to be a strong competitor for heavy REE (HREE),
suggesting that Fe** has a marked affinity for the few strong HA multidentate sites. At pH 6,
i.e. under pH conditions at which hydrolyzed Fe species bind to HA, Fe appears to compete
equally for every REE, thereby indicating that Fe has the same relative affinity for carboxylic
and phenolic HA sites as LREE and HREE, respectively. Fractionation of REE in organic-
rich naturals waters depends mainly on the coupling of two factors: (i) the total dissolved
metals concentration (i.e. the HA metal loading) and (ii) the competition between REE and
major cations (i.e. Fe and Al). The pH, which regulates the speciation of these competitive
metals, is, therefore, indirectly the main controlling factor of REE fractionation in organic-

rich waters.

Keywords: rare earth elements, iron, competition, complexation, humic acid, PHREEQC,

Model VI.

1. Introduction

Organic colloids such as humic acids (HA) are ubiquitous in natural waters and present a high

binding capacity for dissolved metals. Over the past two decades, remarkable efforts have



been made to clarify the processes involved in metal binding by HA, through both
experimental and modeling approaches (e.g. Tipping, 1998; Milne et al., 2003 and references
therein). However, the exact nature of the processes involved is still not fully understood,
mainly because of the complex structure of HA, and notably the heterogeneity of the HA
binding sites. Rare earth elements (REE) are a group of fourteen elements presenting very
similar and coherent chemical properties. Plots of REE concentrations in natural systems
versus atomic number (the so called REE pattern) are commonly used as hydrological and
geochemical tracers (Henderson, 1984). REE patterns can also be described by the partition

coefficients between two phases (Kg<--

). Thanks to unique chemical properties of REE, their
partition coefficients between HA and aqueous solution are highly sensitive to the
heterogeneity of HA binding sites. As shown by recent studies (Sonke and Salters, 2006;
Marsac et al., 2010; Yamamoto et al., 2010), specific K" = patterns arise depending on the

nature of the major HA binding sites for REE. For example, log K45

patterns can exhibit a
progressive enrichment from light REE (LREE) to heavy REE (HREE) in HA-suspensions at
low REE to HA concentration ratios. This pattern is expected to correspond to the binding of
REE to the few strong multidentate sites (Sonke and Salters, 2006; Marsac et al., 2010;
Yamamoto et al., 2010). By contrast, the characteristic middle REE (MREE) enrichment
displayed by the log K*5F patterns for acidic (pH = 3) and high REE/HA has been shown to
be produced by the binding of REE to the abundant weak carboxylic sites (Tang and
Johannesson 2003; Pourret et al., 2007b).

The ability of the log K4"F patterns to elucidate the REE-HA binding processes has been
recently improved by a modeling study using the new coupled program PHREEQC/Model VI
(Marsac et al., 2011). Our previous study showed that the binding process involved in the

MREE enrichment development for high REE/HA and high pH (pH = 6) was different from

that developed for pH = 3 conditions, as LREE and HREE were bound to different HA sites.



More specifically, LREE are mainly bound by weak HA carboxylic sites at pHs ranging
between 3 and 6, although HREE are preferentially bound to strong multidentate sites at pH =

3 and to phenolic groups at pH = 6. The variation in the log Kq"e"

pattern has recently led to
the use of REE as a “probe” to determine the processes of trace metal binding to HA (Marsac

et al., 2012). All trace metals able to bind more strongly than REE to specific HA sites will

REE REE

modify the log Ky pattern. In turn, the evolution of the log Kg pattern provides
information on the HA sites involved in dissolved metal-HA binding. Marsac et al. (2012)
have already used this "REE probe” in a study dedicated to the competitive effects of Al on
REE binding to HA. They showed that Al (AI**) was dominantly bound to strong HA
multidentate sites at low REE/HA and pH = 3 conditions (based on stronger competition with
HREE than LREE), but that most of the Al (hydroxy-Al species) was bound to the weaker
carboxylic sites under high REE/HA and pH = 6 conditions (based on stronger competition
with LREE than HREE).

Another issue of the studies dedicated to metal-REE competition for HA binding concerns the
origin and significance of the REE pattern variability in natural, organic-rich waters. There is
now ample evidence that HA controls REE speciation in natural organic-rich waters and that
nearly 100% of REE occur as organic complexes in these waters (e.g. Takahashi et al., 1997;
Viers et al., 1997; Dia et al.,, 2000; Gruau et al., 2004; Tang and Johannesson, 2003,;
Johannesson et al., 2004; Pourret et al., 2007a,b; 2010). Yet, REE patterns are highly variable
in these waters; neutral to alkaline waters present continuously enriched REE patterns from
La to Lu, whereas acidic ones exhibit marked MREE enrichment (Elderfield et al., 1990).
This variability was initially attributed, from neutral to high pH, to the complexation of REE
with carbonates, because carbonates have higher affinity for HREE (Luo and Byrne, 2004)

and, at low pH, to REE-HA binding, because HA have higher affinity for MREE (Sonke and

Salters, 2006). The recent REE-HA binding studies and evidence of the control of the REE



speciation by organic colloids raise the possibility that the variations in REE patterns could be
due to changes at the REE-HA binding sites. HA could enhance MREE or HREE solubility
depending on the physico-chemical conditions. These changes could be themselves induced
by the binding of metals that compete with REE for the same HA sites.

Despite the low solubility of Fe (hydr)oxides, high Fe concentrations can be found in organic-
rich waters, associated with organic colloids (Olivié-Lauquet et al. 1999; Allard et al. 2004;
Pokrovsky et al., 2005; Pédrot et al., 2011). Dissolved organic matter (DOM) inhibits the
crystallization of Fe (hydr)oxides, forming both Fe nano-(hydr)oxides coated with DOM and
Fe(111)-DOM complexes instead (e.g. Pédrot et al., 2011). Therefore, Fe, like Al, is expected
to strongly influence REE speciation in organic waters (Tanizaki et al., 1992; Tang and
Johannesson, 2003; Lippold et al., 2007). As shown by recent spectroscopic studies, Fe binds
to HA as Fe polynuclear species under high Fe/HA conditions, whereas monomeric Fe-HA
complexes are formed under low Fe/HA conditions (Vilgé-Ritter et al., 1999; Karlsson and
Persson, 2010). Using the Stockholm Humic Model (SHM), Gustafsson et al. (2007)
satisfactorily simulated Fe binding to soil organic matter (SOM) and its competitive effects on
various metals. However, in their modeling approach, Gustafsson and coworkers only took
into account that Fe dimers can be bound to SOM tridentate sites. Model VI (Tipping, 1998),
a specific model for metal binding by HA, only considers the binding of Fe** and FeOH*" to
HA, and not the possible binding of Fe polymers. Therefore, none of these models includes
either the polynuclear Fe-HA complexes, recently highlighted by spectroscopic data, or the
formation of Fe mononuclear complexes with HA.

This study aimed at assessing the competitive effects of Fe on REE binding to HA in order to
(i) determine whether Fe can influence REE patterns in natural waters and (ii) to test the
ability of the “REE probe” to identify the HA sites and mechanisms involved in the binding of

Fe to HA. For this purpose, REE-Fe-HA binding experiments were performed using fourteen



REE and Fe, over a pH range from 3 to 6. The experimental data were subsequently modeled
using PHREEQC/Model VI. The speciation results for Fe were compared with recently
published spectroscopic data to assess the consistency of the model. Finally, the REE patterns
of a large set of natural organic-rich waters were compared with the results of the present
study as well as our previous study dealing with AI-REE competition (Marsac et al., 2012).
This comparison allowed us to determine whether dissolved metal competition might account

for the REE pattern variability observed in natural, organic-rich waters.

2. Material and Methods

2.1. Experimental reagents

All chemicals used were of analytical grade. All experimental solutions were prepared with
doubly-deionized water (Milli-Q system, Millipore™). Synthetic REE and Fe solutions were
prepared from a nitrate REE and Fe standard (10 mg L™, Accu Trace™ Reference Standard).
Polyethylene containers used to reach complexation equilibrium were all previously soaked in
10% Ultrapure HNOgs for 48 h at 60°C, then rinsed with deionized water for 24 h at 60°C to
remove all REE contamination sources. All experiments were performed at room temperature,
i.e. 20°C + 2.

Purified humic acid (HA) was obtained from synthetic Aldrich humic acid (Aldrich™, H1,
675-2). The purification was performed using the Vermeer et al. (1998) protocol, except that a
tangential ultrafiltration step was added to remove any possible HA molecules < 10 kDa using
a Labscale TFF system equipped with a Pellicon XL membrane (PLCGC10, Millipore™).
Humic acid was freeze-dried and stored in a glass container. Prior to use, purified HA was
solubilized overnight in a solution of 0.01 M NaCl at pH = 10 to ensure complete dissolution
(Vermeer et al., 1998). The pH was adjusted to 3 in the HA suspensions using 0.1 M HCI.

The suspension was then filtered at 0.2 um to remove any potential precipitate and to ensure
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that the same HA fraction was studied in all experiments. The dissolved organic carbon
(DOC) concentration of the filtrates was then measured to assess the true HA concentration of

the experimental suspensions.

2.2. Experimental set-up

The competition effects of Fe on the REE binding by HA were experimentally investigated
using a standard batch equilibrium technique. The experimental conditions (i.e. pH; REE, Fe
and HA concentrations; ionic strength) were adapted to ensure different REE speciation
configurations, as presented in the first part of the results section. The experimental
conditions were the same as those used by Marsac et al. (2012) who investigated REE-AI
competition for HA binding, Al was replaced by Fe, namely: (i) Z[REE] = [Fe] = 10 pM, (ii)
[HA] = 6.7 mg L™ of carbon (i.e. REE/HA = 2 10 molREE/molC), and (iii) ionic strength
equal to 0.01 M (NaCl). Z[REE] = 10 pM corresponds to 110pg L™ of each REE, i.e. from
7.9 107 M to 6.3 107 M for La and Lu, respectively. From nitrate standards solutions, the
fourteen REE and Fe were simultaneously added to 50 mL HA suspensions with 10% M NaCl
electrolyte solutions. The pH was varied from 3 to 6 because for pH> 6, REE are strongly
bound to HA (>99%) and REE concentrations in fraction< 5 KDa could not be detected by
ICP-MS.

The experimental solutions were stirred for 48 h to reach equilibrium according to the
protocol defined by Pourret et al. (2007b). The pH was regularly monitored with a combined
Radiometer Red Rod electrode, calibrated with WTW standard solutions (pH 4 and 7). The
accuracy of the pH measurements was + 0.05 pH units. At equilibrium (48 h), 10 mL of the
suspension were sampled and ultra-filtered at 5 kDa to separate the REE-HA and Fe-HA
complexes from the remaining inorganic REE and Fe. Ultrafiltrations were carried out by

centrifuging the solution aliquots through 15 mL centrifugal tubes equipped with permeable



membranes of 5 kDa pore size (Vivaspin 156RH12, Sartorius). All of the membranes used
were first washed with 0.15 mol L™ HCI, then rinsed twice with ultrapure water to minimize
contamination. Centrifugations were performed using a Jouan G4.12 centrifuge with swinging
bucket rotor at 3000g for 30 minutes. The removal of HA fractions < 10 kDa in the HA
pristine solution ensures that no organic molecules pass through the 5 kDa membrane at this
stage of the experiments. All experiments were performed in triplicate.

The new experimental results were compared with experimental data published earlier by
Marsac et al. (2012) for REE binding by HA without Fe competition, which provided the Fe-
free experiments. Speciation calculations carried out with PHREEQC demonstrated that all of
the inorganic REE could be confidently assumed to be free aqueous REE**, and could thus be
modeled accordingly (Tang and Johannesson, 2003; Pourret et al., 2007b; Marsac et al.,
2010). The control of Fe®* activity by the precipitation of Fe(OH)s is described by the
following reaction:

Fe(OH); + 3H" = Fe** + 3H,0 Ks 1)
Figure 1 presents the Fe speciation for [Fe] = 10uM in 0.01M NaCl aqueous solution
calculated with PHREEQC. Fe hydrolysis constants were taken from Milne et al. (2003),
whereas log Ks was set equal to 5, which simulates the precipitation of poorly crystalline Fe
(hydr)oxides (IUPAQ Stability Constants Database). In contrast to REE, calculations
performed for Fe reveal a more complex speciation, with the concomitant occurrence of the
Fe**, FeOH?* and Fe(OH)," species depending on the pH and the precipitation of Fe(OH);
starting from pH 3.5.

The REE complexation with HA is described using the apparent partition coefficient Ky (in
mL g™), as follows:

[I—ni]tot )
[Ln],,

Kq(Ln))= ( 1) /DOC

)



where Ln; = La to Lu, “tot” and “aq” refer to the total amount of the REE initially introduced

and the aqueous REE in the filtrate (< 5kDa), respectively.

2.3. Solution analysis

Rare earth elements and Fe concentrations ([Fe] > 30 pg.L™) were determined with an Agilent
Technologies TM HP4500 ICP-MS instrument. Ultrafiltrates, containing Fe and REE
inorganic species, were directly injected after adding HNOg to a concentration of 0.37 N. The
initial suspensions were also analyzed to precisely determine the total amounts of REE and Fe
processed in each experiment. The suspensions were first digested with sub-boiled nitric acid
(14 N HNO3) at 100°C, and then resolubilized in 0.37 N HNO3 after complete evaporation, to
avoid interferences with organic carbon during mass analysis by ICP-MS. Quantitative
analyses were performed using a conventional external calibration procedure. Three external
standard solutions with REE and Fe concentrations similar to the analyzed samples were
prepared from a multi-REE and a Fe standard solution (Accu Trace™ Reference, 10 mg L™,
USA). Indium was added to all samples as an internal standard at a concentration of 0.87
umol L™ (100 ppb) to correct for instrumental drift and possible matrix effects. Indium was
also added to the external standard solutions. Calibration curves were calculated from the
measured REE/indium and Fe/indium intensity ratios. As established from repeated analyses
of the multi-REE standard solution (Accu Trace™ Reference, USA) and SLRS-4 water
standard, the instrumental error on the REE and Fe analysis are below 3 and 5%, respectively.
Iron concentrations < 30 pg.L™' were determined using a furnace atomic absorption
spectrometer (SOLAAR M6, THERMO).

Dissolved organic carbon concentrations were determined using a Shimadzu 5000 TOC
analyzer. The accuracy of the DOC concentration measurements is estimated at + 5%, as

determined by repeated analysis of freshly prepared standard solutions (potassium biphtalate).



2.4. PHREEQC/Model VI

Humic lon-Binding Model VI was developed by Tipping (1998) and is implemented in the
geochemical program WHAM 6. Model VI equations were recently introduced into
PHREEQC (version 2) developed by Parkhurst and Appelo (1999) for the whole REE group
(Marsac et al., 2011). PHREEQC is a computer code based on an ion-association aqueous
model, which was designed to perform speciation and saturation-index calculations in water.
PHREEQC/Model VI coupling allowed the REE-HA binding description to be improved,
notably by removing the linear relationship imposed by Model VI between the carboxylic-
and phenolic-cation binding parameters, and by imposing new constraints (see Marsac et al.,
2011 for more details).

In Model VI and PHREEQC/Model VI, HA are described as discrete acido-basic chemical
functional groups (carboxylic and phenolic) able to bind aqueous metal ions (e.g. La** or
Fe**) and their first hydrolysis products (e.g. LaOH** or FeOH?"), forming either
monodentate, bidentate or tridentate complexes. HA site density is defined by the parameter
na, in mol g™*. There are na type A sites (i.e. carboxylic) and na/2 type B sites (i.e. phenolic).
In practice, thanks to Tipping's (1998) work, cation stability constants are adjusted using two
parameters, log Kvya and log Kyg, for the carboxylic and phenolic groups, respectively.
Another parameter (ALK3) is introduced to increase the cation stability constants with a
fraction of the multidentate sites, by considering them as chelate ligands or ligands involving
additional chemical groups, such as nitrogen containing groups. To accurately simulate REE-
HA binding, Marsac et al. (2011) demonstrated that the ALK, parameter had to be optimized
independently for the carboxylic (ALK3c) and phenolic groups (ALKzp), ALK, value for
carboxy-phenolic groups being a weighted average of ALK,c and ALK (depending on the

amount of carboxylic and phenolic groups constituting the multidentate sites). In the present

study, the binding of Fe polymers to HA was defined to be consistent with the spectroscopic
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results of Vilgé-Ritter et al. (1999), Gustafsson et al. (2007) and Karlsson and Persson (2010).
A preliminary sensitivity study showed that the best fit was achieved by introducing Fe
trimers in the calculations (i.e. FesO,°"). Chemical reactions were written as follow in
PHREEQC/Model VI:

HA-S™+ 3 Fe™+ 2 H,0 = HA-S-Fe;0,5™ + 4H" (3)

where HA-S™ represents one HA site (mono-, bi- or tridentate). To calculate the formation
constants, the Model VI relationship between parameters was used.

An electrical double layer, where only counter-ions can accumulate, is also defined in the
model. The double layer thickness is set by the Debye-Hiickel parameter « = (3.29 x 10° x
12 (Appelo and Postma, 2005). The distribution of ions between the diffuse layer and the
bulk solution is calculated by a simple Donnan model. The intrinsic equilibrium constants are
corrected by the Boltzmann factor that depends on the HA surface area, which was
determined to be equal to 19000 and 15000 m2/g at an ionic strength of 0.01 and 0.7 M,
respectively (Marsac et al., 2011).

Errors between the experiments and simulations 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 goodness-of-fit measure was considered to be of good
quality if two conditions were fulfilled: (i) the total RMSE calculated from the whole

experimental conditions and REE must be low, and (ii) the RMSE values calculated for the

fourteen REE must be sufficiently close to each other.
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3. Results

3.1. Primary consideration from modeling

Under the present experimental conditions, PHREEQC/Model VI calculations show that at
pH 3, REE are mainly bound to carboxylic sites and to the few strong multidentate sites,
whereas at pH 6, REE are partitioned between the carboxylic and phenolic sites that
encompass both carboxy-phenolic and phenolic sites. Figure 2 illustrates the quantitative
distribution of the REE among the different HA sites under both pH conditions. At pH 3, up
to 97% of La is bound to carboxylic sites compared to 50% for Lu . The remaining 50% of Lu
Is complexed to strong multidentate sites (which can be carboxylic, phenolic or carboxy-
phenolic). At pH 6, more REE are bound to HA because of the lower competition of protons.
Because the REE concentrations are higher than the number of strong multidentate sites, the
strong multidentate sites can be neglected in the REE repartition description. Part of the
phenolic sites are deprotonated and are thus more active for REE binding. Seventy percent of
the Lu was, therefore, bound to phenolic sites. At pH 6, La remained essentially bound to
carboxylic sites (ca. 80%). According to the experimental conditions and modeling

calculations (Figure 1), Fe competition should result in the following log K45

pattern: (i) a
preferential LREE decrease at pH 3 and 6, if Fe is preferentially bound to carboxylic sites at
any pH, and (ii) a preferential HREE decrease at pH = 3 and 6, if Fe is preferentially bound to
strong multidendate or phenolic (sensu-lato) sites depending on pH.

In the present experiments, Fe may precipitate as Fe(OH)s, especially at pH = 6, and therefore
sorb REE. Quinn et al. (2006), who studied REE sorption to Fe hydroxides, proposed
numerical equations to calculate the amount of sorbed REE. By applying their model, we

calculated the REE partition coefficient for the REE/Fe(OH); system (Kq"*5(Fe)), that is, at

our experimental conditions, but without HA. Knowing the Ks"55(HA) in the REE-HA
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system, we estimated that REE sorption to Fe(OH); was < 1% in the REE-Fe-HA system.
Moreover, Fe binding to HA induces a decrease of the Fe(OH); precipitation and
consequently of available Fe(OH); binding sites for REE. Therefore, REE sorption to Fe(OH);

can reasonably be neglected at our experimental conditions.

3.2. Experimental results

The percentage of Eu bound to HA at [Fe] = 0 and 10 uM is displayed in Figure 3. Without
Fe, approximately 30% of Eu is bound to HA at pH 3; this amount reaches 95% at pH 6. The
presence of Fe in equal amounts to REE strongly decreases the REE binding by HA at pH 3
because less than 10% of Eu is bound to HA. By contrast, at pH 6, 90% of REE remain bound
to HA. The iron competitive effect is less pronounced at pH 6 because Fe hydroxide may
precipitate at pH > 4. The decrease of REE bound to HA with Fe suggests that part of the Fe
competes with REE for HA binding, even though some Fe likely precipitated as Fe-
hydroxides at higher pH.

The corresponding log K4 5 patterns are plotted for the REE-HA data of Marsac et al. (2012;
dotted lines) and Fe-REE-HA (present study; bold lines) experiments at pH 3, 4.5 and 6
(Figure 4). For the REE-HA experiments, all patterns exhibit a MREE downward concavity,
whatever the pH. This feature is a classical feature of REE-HA binding experiments
performed under high REE/HA conditions (Tang and Johannesson, 2003; Pourret et al.,
2007b). At pH 3, the Fe competitive effect is effective for each REE, but the competition

appears to be stronger for HREE than for LREE, as revealed by the log K4"cF

pattern decrease
for HREE. Iron is not only a strong competitor of the LREE that bind to HA carboxylic sites,
but also competes with HREE that bind to the few HA multidendate sites. At pH 6, the
competitive effect of Fe occurred with each REE, but the stronger competition with HREE

REE

was not observed anymore (parallel log Ky™- patterns obtained with or without Fe) (Fig. 4).
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At pH = 6, Fe has thus equivalent affinity for HA carboxylic and phenolic sites than LREE

and HREE.

3.3. Data modeling

Recent spectroscopic data has suggested that the amount of poly-Fe-HA complexes could be
important at high Fe/HA conditions (Vilgé-Ritter et al., 1999; Gustafsson et al., 2007;
Karlsson and Persson, 2010). A primary sensitivity study showed that the best fit was
achieved by introducing the binding of Fe trimer (Fe;0,°*) as a polymeric species into the
model. First, the specific HA binding parameters of Fe**/FeOH*" were adjusted without
considering the trimer. Second, Fe;O,>" was considered in the simulation. Solubility products
(log Ks) for ferrihydrite available in the literature range from 3 to 5 (Yu et al., 2002;
Bonneville et al., 2004; Majzalan et al., 2004). Low solubility corresponds to aged and more
crystalline ferrinydrite. The highest solubility corresponds to fresh ferrihydrite. Therefore, the
Ks value for Fe(OH); was considered to be an adjustable parameter. Two results are sought
simultaneously in the modeling approach developed here, namely: (i) the model must
reproduce the amount of Fe retained by the 5 kDa ultrafiltration (Fe > 5kDa), and (ii) the
model must also account for the competition observed between Fe and REE when bound to
HA, especially through the observed REE-HA pattern.

The PHREEQC/Model VI Fe-HA binding parameters that give the best fit for the REE-Fe-
HA competitive experiments are presented in Table 1. They are compared with Sm-HA and
Lu-HA binding parameters which exhibit the highest binding parameters among REE, namely
REE with the highest affinity for HA sites. Consistent with experimental observations, the
comparison showed that Fe is a strong competitor of REE for all HA binding sites: log
Kua(Fe**/FeOH,") = 3.5 > log Kua(Sm*") = 3.4, log Kus(Fe**/FeOH*) = 6.9 > log

Kme(Lu*) = 5.2 and ALK c(Fe®") = 4 > ALK c(Lu®*) = 2.3. Only ALK p(Fe**) = 4 was lower
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than ALK p(Lu®*) = 5.1. However, the average ALK, Fe* (= 4) > ALK, Lu** (= 3.7) suggests
that Fe** has a stronger affinity for HA strong multidentate sites than Lu**. ALK,c and ALK
for Fe** were set equal because the experimental data did not allow these 2 parameters to be
optimized separately. The ALK,c and ALKy values for FeOH?*, as well as for the Fe trimer,
were set equal to 0, because no stronger competition effect of Fe on HREE compared with
LREE was observed in the experiments carried out at pH > 4.5 (see Figure 3). The Fe(OH);
log Ks value was determined to equal 5.4, which is higher than the solubility of fresh
ferrihydrite (i.e. 5). However, such a high value (log Ks = 5.7) was already calculated for the
Fe(OH); precipitated with HA (Weber et al., 2006). Therefore, the high binding capacity of
HA can influence the crystallinity of the Fe hydroxides. The introduction of the Fe trimer in
the simulations did not require any adjustment of log Ks and Fe**/FeOH?" binding to HA
parameters.

Simulations with and without the Fe trimer are presented on Figure 3, as the percentage of
REE bound to HA, and on Figure 5, as patterns of log K4 REE-HA at pH 3 and 6. Both
simulations are very similar and fit the experimental dataset reasonably well, especially the
REE pattern (RMSE = 0.08 for all REE and both simulations). Simulation of the Fe-HA
datasets from this study are presented on Figure 6 (Figure 6a, Fe % > 5 kDa) as well as two
simulations of the datasets provided by Liu and Millero (1999) (Figure 6 b and c). The Liu
and Millero (1999) datasets determined the Fe solubility in 0.7 M NaCl with various
concentrations of Aldrich HA at pH 8 (Figure 6b) and in a 0.6 mg L™ HA concentration at
various pH (Figure 6¢). The introduction of the Fe trimer only improves the fit for the Fe-
REE competitive experiments. Without introducing the Fe trimer, the fit could be improved
only if log Kyg(Fe**/FeOH?") was increased. However, this increase would have lead to a
strong overestimation of the Fe-HA binding for the Liu and Millero (1999) datasets. Note that

log K for Fe(OH)3; was set to 3.7 for Liu and Millero (1999) datasets, as determined by Milne
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et al. (2003). This value is probably due to an ionic strength effect (0.7M vs 0.01M in the
present experiments) as well as the equilibrium time (1 week vs 48h in the present
experiments).

Simulations with the newly optimized Fe-HA binding parameters in PHREEQC/Model VI
were also performed for the experimental conditions used in the spectroscopy (EXAFS) study
of Karlsson and Pearson (2010). They evidenced the formation of Fe polymers for Fe/HA =
50mg/g and determined the proportion of Fe polymers relative to pH. They demonstrated that
Fe polymers represented 10 and 35% of the total Fe bound to HA at pH 4.2 and 6.9,
respectively. Conversely, no Fe polymers were detected in their experiments conducted at a
lower Fe/HA ratio (i.e. 5 mgFe/gHA). Due to the large error on coordination numbers
determined by EXAFS (20%), these results are only qualitative, but they can be compared to
the model simulations. PHREEQC/Model VI calculates a constant fraction of the Fe trimer
complexed by HA between pH = 4.2 and 6.9. For Fe/HA = 50mg/g, 22% of the Fe calculated
to be as Fe trimer-HA complexes, which is close to values determined by EXAFS. For Fe/HA
= 5mg/g, no Fe trimer-HA complexes formation is determined. Therefore, the simulations

considering the Fe trimer are relatively consistent with the spectroscopic observations.

4. Discussion

4.1. Modeling Fe-HA interaction

A major aim of the present study is to use modeling to study HA-Fe binding and the
competitive effects of Fe on REE-HA complexation. The introduction of the Fe trimer in
PHREEQC/Model VI allows the amount of poly-Fe-HA complexes consistent with
spectroscopic observations to be calculated. However, the introduction of additional equations
in a model increases its complexity. It should, therefore, significantly improve the

experimental datasets fit as well as being statistically significant. Due to the large error of the
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coordination numbers determined by EXAFS, model and spectroscopy comparisons can only
be qualitative. The simulations performed with and without the Fe polymers are quite similar.
Only a slight fit improvement is obtained for Fe-HA binding datasets when Fe polymer was
taken into account. Obviously, the relevance of introducing Fe polymers was not statistically
justified. However, the complexation of polynuclear Fe species to HA might be an important
mechanism because it might be considered as a first step to understand the formation of
mixed Fe-organic matter colloids (e.g. Allard et al., 2004; Pédrot et al. 2012). Therefore, more
guantitative experimental and spectroscopic Fe binding to HA studies are required to improve

the model.

4.2. Comparison between Al and Fe competitive effect on REE-HA binding

The competition between REE and Al for HA binding was previously studied by

Marsac et al., (2012). At pH = 3, such as Fe**, AI** is a strong competitor of HREE which

I3 I3

implies that AI*" is preferentially bound to HA strong multidentate sites. However, the A

competitive effect is less pronounced than Fe**. This result is thermodynamically consistent

I** generally has lower affinity for organic ligands than Fe** (e.g. in IUPAQ

because A
Stability Constant Database). At pH = 6, Al has a stronger competitive effect on REE-HA
binding than Fe, because the solubility of poorly-crystalline hydroxides for Al (log Ks = 9) is
higher than for Fe (log Ks = 5). Therefore, at pH = 6 in the Al- system, there is a higher
amount of REE competitive ions than in the Fe-system. Moreover, at pH=6, AIOH?* and
FeOH?" are the dominant species. The species show a contrasting HA binding behavior:
AIOH?" is a stronger competitor for LREE- than for HREE, whereas Fe shows the same
competition effect for LREE and HREE. Aluminum thus has a higher affinity for HA

carboxylic and phenolic groups than LREE and HREE, whereas it is equal for Fe. These

findings are of particular importance in aquatic geochemistry because it shows that both
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elements can have contrasting effects on trace metals speciation in natural organic-rich
waters. They also confirm that REE can be used as a reliable probe of cation-HA binding

mechanisms.

4.3. Impact of Fe and Al competition on REE patterns in natural organic-rich waters

Humic substances control REE speciation in natural, organic-rich waters (Bidoglio et al.,
1991; Takahashi et al., 1997; Viers et al., 1997; Dia et al., 2000; Johannesson et al., 2004;
Gruau et al., 2004; Davranche et al., 2005; Pourret et al., 2007a; Pédrot et al., 2008).
Variations in the binding capacity of humic acids, especially regarding the LREE/HREE ratio,
are thus expected to result in variations in the REE patterns. Experimental data coupled with
modeling identified at least three factors that can lead to such variations. The first factor is the
REE/HA ratio or so-called metal loading (Yamamoto et al., 2010; Marsac et al. 2010). The
metal loading may fractionate MREE and HREE. Under low metal loading conditions, HREE
are preferentially bound to strong HA multidentate sites. Under high REE/HA conditions,
MREE are preferentially bound to weak carboxylic HA sites. However, in contrast to
laboratory experiments, in which the REE/HA ratio can vary from 10 to 10 mol REE/mol
C -, the REE/HA ratios are often very low in natural waters, ranging from 10 to 10 mol
REE/mol C (Tang and Johannesson, 2010). In natural waters, the HA metal loading is,
therefore, generally imposed by other dissolved metals, such as Fe and Al, which occur in
much higher concentrations than REE. The occurrence of competitive dissolved metals is thus
the second factor of REE pattern variations. Marsac et al. (2012) and the present study
provide evidence that Fe and Al can compete with REE in terms of binding to HA. The third
factor is the pH, which controls the Al and Fe concentrations in solution and subsequently, the
HA metal loading. Moreover, pH also controls Al and Fe speciation which, in turn, might

induce variability in the REE pattern. This study demonstrates that Fe** competes more
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strongly with HREE than LREE, whereas Fe species formed at higher pH (i.e. FeOH?* or Fe
polymer) compete equally with LREE and HREE. AI** has the same competitive effect on
REE-HA binding as Fe**, but AIOH*" competes mainly with LREE (Marsac et al., 2012).
Ultimately, pH appears to be the key factor because the pH controls both the metal loading
and the nature of Al and Fe species bound to HA.

Because experimental conditions are often quite different from natural conditions, it seemed
important to test the impact of the above three factors on solutions similar to natural waters.
For this purpose, we used the World Average River Water (Table 11 in Tang and
Johannesson, 2003) to simulate the effect of pH variability and Al and Fe competition on the
log Kq"55™* pattern using PHREEQC/Model VI. It is important to note that several
assumptions (as described below) imply that this study is purely qualitative. No predictions of

REE speciation are discussed. Only log K fF5H4

pattern are used as an illustration of LREE
and HREE relative affinity for HA in conditions similar to natural waters and, therefore,
which REE are supposed to be enriched in these waters due to the presence of HA. As is
classically done, we assumed that 20% of the active DOM (= 5 mg L™) present in World
Average River Water is HA, and, therefore, introduced a concentration of 1 mg L™ of HA in
the model. The remaining 80% of DOM, representing fulvic acid (FA), was not taken into
account because the REE-FA binding parameters for PHREEQC/Model VI were not yet
determined. Although REE-FA and REE-HA should present different binding patterns, both
patterns present comparable sensitivity to pH, metal loading and cation competition. These
results depend on the description of cations binding with HA and FA in Model VI (Tipping,
1998). Competition with Ca?* and Mg®* was also considered by introducing the HA binding
constants determined by Tipping (1998) for these two cations in the PHREEQC/Model VI

database. Log Ks for Al(OH); and Fe(OH); were set equal to 9 and 5, respectively, which

corresponds to poorly crystalline (hydr)oxide phases (IUPAC, Stability Constants Database).
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Two simulations were successively performed, with the Al and Fe concentrations both set
equal to O, or equal to their concentrations in the World Average River Water. Calculations

were performed from pH 4 to 8. The calculated log Kq*=5HA

patterns, normalized to La, are
reported in Figure 7. Four points are underlined:

1) Without Al and Fe (Fig. 7a), the log K "55™4 patterns show a systematic increase
from La to Lu, whatever the pH. This continuous enrichment is a direct consequence
of the low metal loading imposed by the low REE concentrations.

2) With both Al and Fe (Fig. 7b), the log K¢"==""* patterns show a decrease for HREE at
pH 4. Al and Fe remain dissolved and impose a high metal loading. Therefore, AI**
and Fe** compete strongly with HREE.

3) When the pH increases, the log Kq"="4

patterns show an increase in HREE induced

by the metal loading decrease, which is itself involved in the precipitation of Fe and

Al (hydr)oxides. At circumneutral pH (i.e. 6-8), AIOH?* and FeOH?* (or Fe polymers)

are the dominant Al and Fe species bound to HA and are not able to suppress the log

K EEMA pattern increase. For pH between 6 and 8, log K "F5M patterns exhibit a
HREE-HA binding decrease, compared with the simulation without Al and Fe, due to
the complexation of a small amount of AI** and Fe®* to strong multidentate HA sites.
At pH 7 and 8, the log K== patterns still increase from La to Lu.

4) In Figure 7, the patterns of the REECO3" and REE(CO3), stability constants (log

BaREECO3 ' =1 or 2; Luo and Byrne, 2004) normalized to La are also reported. Note

for the following discussion that the log K4"=="*

patterns present a relative increase in
HREE comparable to log B,"-“% between pH 7 and 8.
Organic-rich waters (DOC > 5 mg L™) are generally classified into two groups, depending on

their Upper Continental Crust (UCC)-normalized REE patterns: (i) acidic waters enriched in

MREE, with (La/Yb)ucc close to 1, and (ii) alkaline waters enriched in HREE, with

20



(La/Yb)ucc < 1. This REE distribution pattern variation is often regarded as a REE speciation
evolution. The MREE enriched patterns should correspond to waters in which REE are bound
to DOM. By contrast, the HREE enriched patterns should correspond to waters in which REE
are bound to carbonates (Elderfield et al., 1990; Tang and Johannesson, 2010). However, this
REE pattern variation seems to be more akin to a continuous rather than a discontinuous
phenomenon because the existence of two well-defined groups is not observed. Numerous
organic-rich water samples (compiled by Marsac et al.,, 2010) exhibit a progressive
(La/Yb)ucc decrease with increasing pH (Fig. 8). This (La/Yb)ycc decrease indicates that the
REE patterns vary from MREE-enriched patterns in acidic waters to strongly HREE-enriched
patterns in circumneutral to basic waters. The above hypothesis based on the evolution of the
REE speciation cannot explain this variability, which is more likely due to a competition
effect between REE, Fe and Al with regards to their binding to DOM. Two arguments support
this conclusion. The modeling calculations demonstrated that the REE speciation remained
controlled by DOM up to pH 8 (Pourret et al.,, 2007b). The marked HREE enrichment
displayed at pH 6 to 8 might not result from a carbonate control of the REE speciation.

The second argument is provided by Figure 7 which shows the effects of pH and dissolved
metal competition on the REE-HA binding. While remaining dominantly bound to DOM,
REE are fractionated in organic waters. At low pH, DOM preferentially binds MREE over
HREE in response to Al and Fe competition with HREE. At high pH, DOM preferentially

binds HREE over LREE in response to the lower competition of Al and Fe with HREE.

5. Conclusion

Experiments were performed to investigate the competitive effect of Fe on REE binding to
HA and, in turn, to identify the HA sites and the mechanisms involved in the Fe-HA binding.

Different competitive effects of Fe on REE are observed depending on pH. Under acidic
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conditions (pH 3) and high metal loading, Fe**, the major Fe species, competes more strongly
with HREE than with LREE, suggesting a higher affinity of Fe** for the few strong
multidentate HA sites. Under higher pH conditions (e.g. pH 6), Fe competes equally with both
LREE and HREE, showing that Fe presents the same relative affinity for HA carboxylic and
phenolic groups as LREE and HREE, respectively. The Fe-HA binding parameters in
PHREEQC/Model VI were optimized to simulate both the Fe-HA binding and Fe competitive
effects on REE. Two simulations were compared: the simulated binding of the default species
used in Model VI (Fe** and FeOH?*) with the simulated binding of a Fe polymer (Fes0,°") as
evidenced in a recent spectroscopy study in moderately acidic to neutral pH conditions.
However, regarding the increasing complexity of the model with the introduction of
additional Fe species binding to HA, this new mechanism was not statistically significant.

To conclude, the present study provides fundamental knowledge on the Fe-REE competition
mechanisms for HA binding and demonstrates that Fe can modify the REE-HA binding
pattern. In turn, the ability of the REE to be used as a “speciation probe” to describe cation
interactions with HA is verified once again, as previously shown for Al (Marsac et al., 2012).
An alternative explanation for the variability in the REE patterns observed in natural, organic-
rich waters is also provided. So far, this variability has been regarded as being due to a REE
speciation evolution, with the involvement of carbonate species at circumneutral to slightly
alkaline waters. The present results combined with the previous data of Sonke and Salters
(2005), Pourret et al. (2007a, b), Yamamoto et al. (2010), and Marsac et al. (2012) are more
consistent with a hypothesis based on a continuous organic REE speciation coupled to a

competition effect between REE, Fe and Al as regards their binding to DOM.

Supporting informations

Table with the experimental data presented in this article can be found in the online version.
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Table and Figure Captions

Table 1

Best estimates of log Kua, 10g Kms, ALKc and ALK,p for Fe®* and FesO°* as determined by
fitting the new Fe-REE-HA experimental data using PHREEQC/Model V1. Parameter values
estimated previously by Marsac et al. (2011) for La, Sm, and Lu binding by HA are shown for

comparison.

Fig. 1. Iron speciation calculated with PHREEQC for [Fe] = 10uM in 0.01M NaCl aqueous
solution. Log Ks for Fe(OH); is equal to 5.

Fig. 2. Distribution of REE between the three major types of HA sites involved in REE
binding. The calculated speciation only takes into account the amount of REE complexed to
HA, and does not consider aqueous species. The simulations were performed at a high
REE/HA concentration ratio (Z[REE] = 10 pM, [DOC] = 6.7 mg L™), (a) at pH = 3 and (b) at
pH = 6.

Fig. 3. Evolution of the percentage of Eu bound to HA with increasing pH for experiments
conducted both with and without Fe addition (present study and Marsac et al. (2012),
respectively). Error bars represent the standard deviations obtained from triplicate
experiments. PHREEQC/Model VI modeling curves are also shown with and without the
binding of the Fe trimer.

Fig. 4. Variations of the log K4

patterns depending on the pH and on the presence or lack
of Fe in the HA-REE suspensions. Error bars represent the standard deviation from triplicate

experiments. The experiments without Fe are from Marsac et al. (2012).

Fig. 5. Comparison between measured and modeled log K5 patterns for the Fe-REE-HA
competition experiments performed at pH = 3 and 6 (X[REE] = [Fe] = 10uM, [HA] = 6.7mg

L), with and without the binding of the Fe trimer in the calculations.

Fig. 6. Comparison between the measured and modeled: (a) percentage of Fe present in the 5

kDa retentate in the Fe-REE-HA experiments relative to pH (present study), (b) Fe(lll)
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solubility in 0.7M NaCl solution at constant pH = 8 and variable HA concentration (Liu and
Millero, 1998), (c) Fe(l1l) solubility in 0.7M NaCl solution at constant HA concentrations (0
and 0.6 mg L™) and variable pH (Liu and Millero, 1998). Simulations were performed with
and without the binding of the Fe trimer to HA in the calculation.

REE-HA

Fig. 7. Simulated log Ky patterns in the World Average River Water, depending on the

pH and on the occurrence or lack thereof of a competition between REE, Fe and Al for HA
binding. Log K¢ =&
REE stability constants (log B,"5-°°%) for the REECOs" and REE(CO3),” species are shown

for comparison (data from Liu and Byrne, 2004).

patterns have been normalized to La for convenience. Patterns for the

Fig. 8. Diagram illustrating the continuous decrease of (La/Yb)ucc with increasing pH in
organic-rich waters (DOC > 5 mg L™). Data source: Dia et al. (2000); Viers et al. (2000);
Gaillardet et al. (2004); Gruau et al. (2004); Tosiani et al. (2004); Pokrovsky et al. (2006);
Auterives (2007). UCC = Upper Continental Crust.
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Parameter Fe¥*/FeOH*  Fe;0°* La Sm Lu

Log Kyva 3.50 3.00 3.29 3.39 3.16

Log Kus 6.90 7.50 4.39 490 5.23

ALK5c 4.00* 0.00 2.01 2.09 2.31

ALK 4.00* 0.00 4.39 4.54 5.11
Table 1
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Highlights:
A study of the competitive complexation of Fe(l1l) and REE onto HA sites is proposed.
REE and Fe binding were investigated using experiments and modeling.
At acidic pH, Fe competes with heavy REE; at neutral pH, Fe competes for every REE
Fe is bound to strong multidentate or carboxylic and phenolic sites relative to pH.

REE patterns on HA are controlled by metal loading, REE/cations competition and pH.
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