N
N

N

HAL

open science

Rare Earth Elements binding to humic acids:
NICA-Donnan model parameterization
Alba Otero-Farina, Noémie Janot, Remi Marsac, Charlotte Catrouillet, Jan E

Groenenberg

» To cite this version:

Alba Otero-Farina, Noémie Janot, Remi Marsac, Charlotte Catrouillet, Jan E Groenenberg. Rare
Earth Elements binding to humic acids: NICA-Donnan model parameterization.

Chemistry, In press, 21 (1), pp.EN23049. 10.1071/EN23049 . hal-04184021

HAL Id: hal-04184021
https://hal.science/hal-04184021
Submitted on 21 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Environmental


https://hal.science/hal-04184021
https://hal.archives-ouvertes.fr

10

15

20

Rare Earth Elements binding to humic acids:

NICA-Donnan model parameterization

Alba Otero-Farifial?, Noémie Janot}23, Rémi Marsac?, Charlotte
Catrouillet®, Jan E. Groenenberg!®”

1 CNRS, Université de Lorraine, LIEC — UMR 7360, Vandceuvre-lés-Nancy, F-54501, France.
2 INRAE, Université de Lorraine, LSE — UMR 1120, Vandceuvre-lés-Nancy, F-54501, France.
¥ INRAE, Bordeaux Sciences Agro, ISPA — UMR 1391, Villenave d’Ornon F-33140, France.
4 Univ. Rennes, CNRS, Géosciences Rennes — UMR 6118, Rennes F-35000, France

® Université Paris Cité, CNRS, Institut de Physique du Globe de Paris, Paris F-75005, France
® Soil Chemistry and Chemical Soil Quality group, Department of Environmental Sciences,
Wageningen University, PO Box 47, 6700 AA Wageningen, The Netherlands.

Present address:
& School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK.

* Correspondence to:
bertjan.groenenberg@wur.nl



25

30

35

40

45

Environmental Context

Rare earth elements (REES) are technologically-critical elements released into the environment by
various anthropogenic activities, and whose ecotoxicological impacts are still relatively unknown.
REE binding to natural organic matter (NOM) is key to understand their fate and bioavailability
in the environment. With this work, it is now possible to predict REE binding to NOM in various

environments using various speciation software (ECOSAT, ORCHESTRA, Visual MINTEQ).

Abstract

Rationale:

Understanding REE speciation in different natural environments is important to evaluate their
environmental risks since different chemical species of an element may have different
bioavailability and toxicity. REEs have a great affinity for particulate- and dissolved organic
matter, particularly fulvic and humic acids (HA). Thus, the use of humic ion-binding models may
help to understand and predict the behaviour and speciation of these species in surface waters,
groundwaters, and soils.

Methodology:

In this work, we used previously published experimental datasets to parametrize the NICA-Donnan
(ND) model for REEs binding with HA, using the model optimization tool PEST-ORCHESTRA.
We propose to use linear-free energy relationships (LFER) to constrain the number of parameters
to optimize.

Results:
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We determined a coherent ND parameter set for the whole REESs series being compatible with
available generic ND parameters for other metals. The impact of pH, ionic strength, REE/HA ratio
as well as the presence of competitors (Fe**, AI** and Cu?*) on model results is analysed.
Discussion:

We consolidate the confidence in our derived ND parameters for REE by comparing with the
Irving-Rossotti LFER. We also showed the general applicability of this relationship to predict and
constrain metal-binding parameters for the NICA-Donnan model. We discuss observed

shortcomings and come with suggestions for potential improvement of NICA-Donnan modelling.

Keywords

speciation, trace metals, soil chemistry, water chemistry
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Introduction

Rare earth elements (REES) have been increasingly used in the past decades. They are
technologically critical elements used in high-tech products such as lasers, storage media for data
handling, mobile phones, photovoltaic cells, catalyser in cars, permanent magnets in turbines,
lodestones, or ceramics manufacturing. Anthropogenic activities such as mining, industrial
manufacturing, but also agriculture can increase the release of these emerging pollutants into the
environment (Borgmann et al., 2005; VVukov, Smith and McGeer, 2016; Liu et al., 2017). Despite
evidenced ecotoxicological effects of REES on various organisms (Gonzalez et al., 2014; Gonzalez
et al., 2015; Oral et al., 2017; Gwenzi et al., 2018; Romero-Freire et al., 2018, 2021; Pagano et
al., 2019; Malhotra et al., 2020), the fate and behaviour of the REEs - and thus their impact on
different ecosystems - are still relatively unknown (Kouhail, Dror and Berkowitz, 2019; Batley et
al., 2022). Understanding their speciation in different natural environments is very important to
evaluate their ecotoxicological risks since their different chemical species have different
bioavailabilities and toxicities (Leybourne and Johannesson, 2008; Migaszewski and Galuszka,
2015; Khan et al., 2016; Romero-Freire et al., 2019; Malhotra et al., 2020; Lachaux et al., 2022).
REEs in natural waters or soils are often operationally distributed between (i) truly dissolved, (ii)
colloidal, and (iii) particulate fractions (Singhal et al., 2006). On both colloids and particulate
fractions, REE partitioning has been attributed to adsorption to organic- and mineral phases or
precipitation. REE concentrations in the different phases depend on pH, ionic strength, redox
conditions, and types of minerals present in the environment, which impact the complexation of
REEs with organic and inorganic ligands (Johannesson et al., 2004; Leybourne and Johannesson,
2008; Pourret et al., 2010; Liu et al., 2017). Thus, solid-solution partitioning, mineral equilibria

and solution speciation of REEs are critical factors to determine their solubility in soils, sediments
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and waters and thereby their environmental fate and diffusion, mobility, bioavailability and
toxicity (Groenenberg and Lofts, 2014).

REEs form a homogeneous group of elements, with coherent behaviour among the series,
generally divided in 3 groups: light REE (LREE, from La to Nd), Middle REE (MREE, from Nd
to Th) and heavy REE (HREE, from Dy to Lu). They have a great affinity for particulate- and
dissolved organic matter, particularly humic- and fulvic acids therein (Sonke and Salters, 2006;
Pourret et al., 2007; Marsac et al., 2011; Gangloff et al., 2014; Catrouillet et al., 2019). Humic
ion-binding models are powerful tools developed to understand and predict the behaviour and
speciation of trace metals including REEs and radionuclides in surface waters, groundwaters, and
soils, and interactions of potentially toxic trace elements with biota (Groenenberg and Lofts, 2014;
Di Bonito, Lofts and Groenenberg, 2018). These models consider both the heterogeneous nature
of the humic substances (HSs) and electrostatic interactions due to their negative charge. Humic
Acids (HA) contain functional groups, mainly carboxylic and phenolic groups, that have a high
affinity to bind trace metals. Binding site heterogeneity can be described, depending on the model,
with a discrete- (Model VI and VII (Tipping, 1998; Lofts and Tipping, 2011), Stockholm Humic
Model (Gustafsson, 2001) or with a continuous distribution, as in the Non-ldeal Competitive
Adsorption (NICA)-Donnan model (Kinniburgh et al., 1999; Koopal et al., 2005). Binding
parameters for all REEs have been determined for Model VII (Tipping, Lofts and Sonke, 2011)
and recently refined by Marsac et al. (2021) by using previously published datasets (Sonke and
Salters, 2006; Pourret et al., 2007; Marsac et al., 2010). For NICA-Donnan (ND), to this day only
Eu and Dy parameters are available (Milne et al., 2003). Here, we use the same datasets as used
by Marsac et al. (2021) to derive ND model parameters for REEs binding with HA, using the

model optimization tool PEST-ORCHESTRA (Janot et al., 2017).
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The number of parameters to be optimized in the ND model fit is, however, generally too large to
find an unconditional fit using titration and adsorption data. Parameter constraints could help
reduce parameter uncertainty and obtain a coherent set of model parameters across different
elements (Tipping, 1998, 2002; Kinniburgh et al., 1999; van Riemsdijk et al., 2006; Lenoir,
Matynia and Manceau, 2010). Here we look for possibilities to constrain the fits using linear free
energy relations (or Gibbs energy relations, LFER) that, empirically, relate model parameters to
thermodynamic constants. In this work we include, (i) the use of LFER developed by Milne et al.
(2003) who related ND parameters for metal cation to their first hydrolysis constants, and (ii) the
evaluation of the applicability of the approach developed by Tipping et al. (2011) for binding
constants in Humic lon Binding Model VII to be applied for ND. The latter approach, based on
the study of Carbonaro and Di Toro (2007) makes use of the Irving—Rossotti approach (Irving et
al., 1956) and was recently extended for REEs by Marsac et al. (2021). Once the model parameters
for different elements are obtained, it is also interesting to model data for competition experiments
of the REEs with other metals (such as Fe**, AI** and Cu?") to test the coherency of the obtained
model parameters for different elements. This work aims to provide parameters to estimate REE
binding to HA in various physico-chemical conditions of pH, concentrations and ionic strengths
(), in the framework of an advanced humic-ion binding model, NICA-Donnan. It will aid for the
calculation of REE speciation in various environments and therefore better understanding the

environmental behaviour of these critical elements.
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Materials and methods

NICA-Donnan model
The NICA-Donnan model is explained elsewhere in detail (Kinniburgh et al., 1999; Koopal et al.,

2005). The NICA equation describes the local adsorption isotherm for specific binding of cations
to the reactive sites of humic substances, while the Donnan model accounts for the electrostatic
interactions. Briefly, the expression of the consistent NICA model for multi-component
competitive binding states that Qi, the amount of a component i bound to the HS, at solution

concentration c;, is given by the equation (1):

_ Mg (Kac)™ [Zi(Ki.lci)ni'l]pl
Qi =—X Qmax,l niq x n;11P1
Ny 1 Zi(Ki,lci) 1+ [Zi(Biac) ']
N2 (Rbi,zci)ni'2 [Zi(Ki,ZCi)ni'Z]pz
+—X Qmax,Z (¥ n;1P2
Ny 2 Zi(Ki,zci) 1+ [Zi(Ki,Zci) ’ ]
1)

In this framework, two types of functional groups are considered, type 1 sites with a relative low
affinity for cation binding (carboxylic type groups) and type 2 sites with a relative high-affinity
for cation binding (phenolic type sites). Qmax,i corresponds to the maximum adsorption capacity
of each type of site, n; reflects the non-ideality of the system, related to lateral interactions and/or
stoichiometric effects and is specific to each ion i (0 < nj <1, where 1 is the ideal case), p is the
width of the affinity distribution for each type of sites, and X; is the median of the distribution of

each type of sites and the ion i.

Thus, from the NICA equation, four parameters are needed to describe the site density and site
heterogeneity of the humic material with: Qmax1 and Qmax2 being the site densities (in mol kg),

and pz and p2 representing the heterogeneity of the type 1- and type 2-sites of the humic material,
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respectively. The other four parameters are needed to describe ion-specific binding (proton or
metal): Ki1, Ki2, nis1, and ni2, which describe the median affinities and non-idealities of the ion-

binding, respectively.

This NICA equation can be combined with electrostatic interactions by using the local
concentration of species i at the binding sites Cioc instead of the bulk concentration ci. This has
generally been done using the Donnan model, which considers that HSs behave as a
homogeneously charged gel with a constant potential ¥p (V) in which the concentration of an ion
cip (mol LY) is related to its bulk solution concentration ci (mol L) according to the following

equation:
—ziFy
Cip = Ci - exp (%) (2)

Where F, R and T are the Faraday constant, gas constant and absolute temperature, respectively.
In this electrostatic model, we consider that the charge of the HS particle Q is counteracted by the
accumulation of counter-ions and the exclusion of co-ions within this Donnan gel of volume Vp

(L kg't). The corresponding charge neutrality can be written as:
% +Yiz(cip—c) =0 3

The Donnan volume is needed to be able to solve these equations. It has been shown to evolve
with | according to the following empirical equation (Benedetti, Van Riemsdijk and Koopal,
1996):

logVp = a + Blogl 4

where « and £ are empirical constants. Later, a simpler relation has been introduced, with only

one empirical adjustable parameter that varies amongst HSs (Kinniburgh et al., 1999):
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logV, = b(1 —logl) — 1 (5)
where b is an empirical adjustable parameter that varies amongst HSs (Kinniburgh et al., 1999)
Milne et al. (2001, 2003) compiled a large dataset of available acid/base titration- and metal
sorption data for HA and FA to derive their ND parameters for FA and HA proton and metal
binding. First the ND model was fitted to the individual HA titration data to obtain HA specific
ND proton parameters using equation (5) for the relation between Vp and I. The averaged ND
proton parameters were then used to fit the available data (various HA) for each separate metal
simultaneously. The thus obtained “generic” ND parameters are now used in various speciation
codes including ECOSAT, Visual MINTEQ and ORCHESTRA. Therefore, we followed the
approach of Milne et al. to have our newly derived REE parameters compatible with their generic

parameter set.

Datasets used for parameterization

Four datasets were used to calibrate the NICA-Donnan model parameters for REEs binding to HA,
for a total of 55 different measurements (Sonke and Salters, 2006; Pourret et al., 2007; Marsac et
al., 2010, 2012). These datasets are, to our knowledge, the only ones that cover the whole REEs
series, and over a wide range of pHs and metal loadings. They were already used by Marsac et al.
to calibrate the Models VI and VII HA-REEs parameters (Marsac et al., 2011, 2021). The
experimental conditions in which these datasets were obtained are summarized below and in Table

1.
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Sonke and Salters dataset

Sonke and Salters (2006) conducted REEs-HA binding experiments for each of the 14 naturally
present REEs separately. They used a standard Leonardite HA (a coal humic acid from the
International Humic Substances Society, code 1S104H). REE binding to HA was studied with
EDTA competition coupled with capillary electrophoresis-ICP-MS analysis. This study provides
a dataset at low metal loadings and slightly acidic to basic pH values (6-9) at 0.1 M NaNO3, and

an extra series at pH 7 and 0.01 M NaNOs (Table 1).

Pourret et al. dataset

Differently from the previous dataset, Pourret et al. (2007) conducted REEs-HA binding
experiments for all the REES together. The experiments were performed at pH 2 — 10.5, fixed ionic
strength (0.001 M NaNOs) and concentration of REEs (50 ug L), and 3 different concentrations
of HA. The synthetic Aldrich HA was purified (PAHA) according to the protocol of Vermeer et
al. (1998), using acid (HF and HCI) and resin (Dowex 50W-X8) washing steps to remove soluble
minerals and trace metals, respectively. Truly dissolved REE was separated from REE bound to

HA by ultrafiltration and measured with ICP-MS (Table 1).

Marsac et al. 2010 dataset

Marsac et al. (2010) used the Pourret et al. (2007) ultrafiltration method to study the metal loading
effect on REEs binding to the same PAHA. The PAHA solution was additionally purified by
ultrafiltration at 10kDa in order to remove potential small molecules that could pass through the
ultrafiltration membrane in the REE-PAHA binding experiments (Marsac et al., 2010). They also

performed their experiments with all the REEs together, under acidic conditions (pH = 3) and

10



constant ionic strength (I) of 0.01 M NaCl (Table 1), being ten times higher than that used by

Pourret et al. (2007).

Marsac et al. 2012 dataset

210 Using the same experimental method as Marsac et al. (2010), Marsac et al. (2012) performed
experiments at constant concentrations of REEs (3 [REE] = 10 uM), HA ([PAHA] =12.2 mg L)
and ionic strength (1 = 0.01 M NacCl) but varying pH between 3 and 6.
In subsequent studies, Marsac et al. developed this dataset to investigate independently the effect
of Fe, Al, and Cu on REE binding to PAHA (Marsac et al., 2012, 2013, 2021), using the same

215 metal concentrations [Al/Fe/Cu] = 10 uM.

11



Table 1. Summary of the datasets used in this study to derive NICA parameters for REE

Marsac et al. Marsac et al.
Dataset Sonke & Salters Pourret et al. 2010 2012
Number of data
points per REE ° 28 15 !
pH range 6-9 2.2-104 3 3-6
HA used Leonardite HA Punﬂeﬂ:ldrlch Purified Aldrich HA
HA
concentration 10 5:10: 20 5-45 12.2
(mg L)
REE
concentration 12.5 50 2-120 110
(ug L)
REE/HA ratio 25 25:5: 10 0.2-12.6 9
(mgg™)
I (M) 0.01; 0.1 0.001 0.01 0.01
EDTA
competition
coupled with
Experimental capillary

approach

electrophoresis-

ICP-MS analysis

on single REE-
HA system

Ultrafiltration on multi REE-HA system

12
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Parameterization approach

ND fitting procedure

We used the generic ND proton parameters derived by Milne et al. (Milne, Kinniburgh and
Tipping, 2001; Milne et al., 2003) (values reminded in Table S1) and fitted only the metal-ion
binding parameters. We used the PEST-ORCHESTRA tool (Janot et al., 2017) to fit ND
parameters for all REEs simultaneously.

Unconstrained optimization of both logK and n for all REEs did not provide a good result
(preliminary results not shown). Indeed, there was no expected trend in the logKi values as
observed in previous studies that showed at low REEs/HA ratios, when REEs bind to strong
affinity sites, logK; increases along the REE series from La to Lu (Marsac et al., 2010; Yamamoto,
Takahashi and Shimizu, 2010). Therefore, we followed the approach of Milne et al. (2003) to first
constrain the NICA non-ideality parameter n, using the LFER in which n for each metal is related

to their first hydrolysis constant:
ni = 0.14 — 0.055 logKoH (r2=0.85) (6)

n,=0.76 N1 (7)

Using the latest REE hydrolysis constants logKon from Klungness & Byrne (2000), we applied
these equations to calculate n; values for each of the REE and better constrain the fit. By this, we

optimized only two parameters, the metal affinity constants logKi 1 and logKi .

13
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Modelling the competition experiments

Competition of AI¥*/Fe3*/Cu?" on REE-HA binding was modelled in ORCHESTRA (Meeussen,
2003), using default NICA-Donnan parameters (Milne et al., 2003) and the Minteqv4
thermodynamic database (US-EPA, 1999). In the experimental set-up, precipitation of Al/Fe-
hydroxides was expected at pH above 4.5 (Marsac et al., 2012, 2013, 2021). This phenomenon
was considered into the modelling by allowing precipitation of gibbsite (logK = -8.291) and

ferrihydrite (logK = -3.191), respectively (Minteqv4 thermodynamic database).

Results and Discussion

Determination of REE-specific affinity constants

Obtained model parameters for the whole REES series are given in Table 2 and shown in black
symbols in Figure 1. The logK; pattern shows the expected downward concavity for the MREE
(Marsac et al., 2010; Yamamoto, Takahashi and Shimizu, 2010). The optimized parameters for Eu
compare well with those derived by Milne et al. (2003) with logKi 1 being close to that derived by
Milne et al. (1.74 versus 1.92) but with somewhat higher logKi > than that obtained by Milne et al.
(4.02 versus 3.43). These differences are possibly due to the use of partly other HAs in the study
of Milne et al. compared to this study, together with the natural variation in binding constants
amongst various humic substances (Groenenberg et al., 2010). Differences for Dy are larger with
logKi 1 of 1.4 and 0.8 and logKi » of 4.95 and 3.9 obtained in our study versus those of Milne et al.,
respectively. The parameters for Dy published by Milne et al. (2003) are, however, not very
reliable as they are based on a very small data set for Dy binding to Aldrich HA with only six data

points.

14



la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

logK; >

Lla Cle F;r Nld Slm Elu Gld le Dly Hlo E'r Tlm Ylb Llu
REEs
Figure 1. NICA-Donnan median affinity constants for each of the REE binding with the (a) type 1
(carboxylic) and (b) type 2 (phenolic) groups of HA. Black symbols were obtained by fitting the
260 experimental datasets with PEST-ORCHESTRA; white symbols were obtained by calculating

logK; according to the Irving-Rossotti approach and optimized equation (8).

15
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Table 2. Summary of REE-HA ND binding parameters, REE hydrolysis constants and the Irving-

Rossotti coefficients for REE.

REE  logKow®  ni nz logKree 1 logKree.2" s’ po”
La -8.81 062 047 1.59 2.86 030  1.02
Ce -8.34 060  0.46 1.70 3.53 035 091
Pr -8.32 060  0.45 1.80 3.92 034  0.99
Nd -8.18 0.60 045 1.76 3.92 035 101
sm -7.84 057 043 1.76 4.02 0.38  0.97
Eu -7.76 057 043 1.74 4.02 039  0.90
Gd -7.83 057 043 1.55 4.06 0.38  0.83
Tb -7.64 056  0.43 1.49 4.50 041  0.62
Dy -7.59 056  0.42 1.40 4.95 042 056
Ho -7.56 056  0.42 1.31 5.00 043 050
Er -7.52 055  0.42 1.23 5.11 043 050
Tm -7.39 055  0.42 1.25 5.41 045 043
Yb -7.24 054 041 1.23 5.41 045  0.44
Lu -7.27 054 041 1.21 5.58 045 045

2 Klungness & Byrne (2000).

b Calculated from equations (6) and (7), Milne et al. (2003)

¢ Optimized using PEST-ORCHESTRA
d Marsac et al. (2021)

16



Modelled REE-HA binding versus measurements for the four datasets used for the fitting are
270 shown in Figure 2. Most data points fell into the 0.3 log unit envelope around the 1:1 line between
measured and calculated REE-HA binding, which is comparable with results for other metals
(Milne et al., 2003) and indicative of a good fit. The relative importance of REE binding to type 1
carboxylic versus binding to type 2 phenolic sites decreases from the LREE to HREE (Figure S1).

Electrostatic binding in the Donnan volume decreases with increasing pH and becomes

275 insignificant above pH 5 (Figure S1).
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> e
= o T
— + |\’J,r4I_IEH?F
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o
3
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Measured REE-HA (mol kg-1)

® |a ® Nd o Gd Ho Yb
REE ® Ce ® Sm o Tb Er Lu
® Pr e Eu Dy Tm

Dataset ® Marsac 2010 O Marsac 2012 + Pourret 2007 x Sonke 2006

Figure 2. Comparison between predicted and measured HA-bound REEs for the four datasets.

Dashed and dotted lines respectively represent the 0.3 and 1 log unit envelope around the 1:1 line.

17



280

285

290

295

Even though the four datasets, from which we derived the optimized model parameters, cover a
wide pH range, we observe a trend of model residuals (i.e., the difference between model
prediction and experimental measurement) with pH. The distribution of residuals shows the
overprediction is largest at pH < 3 and decreases with increasing pH until pH 6, after which at
higher pH the model increasingly underpredicts observations (Figure S2). This can also be seen
in the results shown in Figure 3. With increasing pH, metal cations become increasingly
hydrolysed. In addition to the binding of the free metal cations, hydrolysed cations possibly also
bind specifically to the reactive sites of HA. Specific binding of hydrolysed species to HA is not
taken into account in the ND model, this being different from Models VI and VII, for which
specific adsorption of the first hydroxy species is included for all metal cations. In the NICA-
Donnan model, hydrolysed species only interact with HA through electrostatic binding in the
Donnan volume. Hydrolysis of REESs in the bulk solution starts to become important between about
pH 7.3 for Lu, being the strongest hydrolysing lanthanide, and pH 8.8 for La (see logKon values
in Table 2). Specific binding as modelled in the ND model is related to the local concentration of
the metal cation in the Donnan volume, which is different from that in the bulk solution. According
to equation (2), accumulation of the free trivalent species in the Donnan volume is stronger than
that of the hydrolysed divalent and monovalent species. Speciation calculations for a fixed
concentration of La and Lu in the bulk solution (Figure S3) show that the concentrations of
hydrolysed species of Lu and La in the Donnan volume become important at higher pH values
compared to that for the bulk solution, i.e., at pH values higher than 8.5 for Lu and even higher
than 10 for La. In case specific binding of hydrolysed metal species is important for metal cation
binding to HA, this is expected to be relevant only at pH values higher than 8.5 for the REE,

especially the heavier REE (HREE). We indeed see relative large deviations between modelled

18



and measured binding for these HREE in the data from Sonke and Salters at pH 8.9 (Figure 3e).
300 However, similar deviations for these data were observed in the modelling with Model VII (Marsac

et al., 2021), which in contrary with NICA includes specific binding of hydrolysed species.

100 4 — 100 A
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254, * [ A s - 35 254 - 3
- 3.0 —/-_.__T—-:_-:_‘I__L——.——___— - 25
$ec SR
04 01
LaCe PrNdSmEuGdTbDyHo ErTmYb Lu LaCe PrNdSmEuGdTb DyHo ErTmYb Lu
REE REE
Marsac et al. 2012 dataset (a) Pourret et al. 2007 dataset, [HA] =5 mg L' (b)
1009 —— & & e 8 % " 8 & & . 1004 ¢ # ¥ § § % ¥ 5 3 ¥ & & &
% S R e P U
; pH
751 . pH 75
<€ « 1 s . 6.0 <C « o " . 5.5
ﬁ 50 P _— ﬁ 501 mr d
mo . * ., 1 | - 35 mo . o * 11 - 35
* 1 - 29 v Tt e s e -3
25 4 o 2'2 254 - 25
Y e e T T———— ' - 22
. ® h L T )
04 01
LaCe PrNdSmEuGdTbDyHo ErTmYb Lu LaCe PrNdSmEuGdTb DyHo ErTmYb Lu
REE REE
Pourret et al. 2007 dataset, [HA] = 10 mg L (c) Pourret et al. 2007 dataset, [HA] = 20 mg L~ (d)
1004 L R
75+ H 75y, e REE/HA
< P < >dl —~ [ [ 11
- 89 T - 2
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254 - 6 254 100
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LaCe PrNdSmEuGdTbDyHo ErTmYb Lu LaCe PrNdSmEuGdTb DyHo ErTmYb Lu
REE REE
Sonke 2006 dataset (e) Marsac et al. 2010 dataset (f)

Figure 3. REE-HA patterns, shown as percentage of REE bound to HA of dataset from Marsac et

al. (2012) (a), Pourret et al. (2007) (b-d), Sonke & Salters (2006) (e), Marsac et al. (2010) (f).
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REE/HA values are given in mmol kg, based on the La value for the whole series. Symbols are

experimental data and lines results of calculation.

Figure 3 shows the REE-HA pattern obtained for each of the parameterization datasets. The shape
of this pattern is generally well described by the NICA-Donnan model. However, the effect of the
REE/HA concentration ratio over the REE-HA binding prediction is not properly described by the
model for the data of Pourret et al. (2007), with REE-HA binding being overestimated at high
REE/HA ratio (HA concentration = 5 mg L™, Figure 3b), and underestimated at the lowest
REE/HA ratio (HA concentration = 20 mg L) Figure 3d). Marsac et al. (2010) evidenced that at
high metal loadings, REEs were bound through high-density low-affinity sites, whereas at low
loadings strong affinity sites become more important. Our ND calculations indeed show a slight
increase in the REE binding with type 2 high affinity sites (phenolic type sites) with decreasing
REE/HA ratio and vice versa an accompanying decrease in the binding to low affinity type 1 sites
(carboxylic type sites) (Figure S4). This, however, did not lead to an accurate prediction of the
REE/HA ratio dependent behaviour observed in the data from Pourret et al. (2007). Kouhail,
Benedetti and Reiller (2016) evidenced that the fulvic acid (FA) concentration impacted Eu-FA
complexation using time-resolved luminescence spectroscopy. When increasing the FA
concentration in solution, while keeping the concentration of Eu, pH and | at fixed levels, they
observed the typical luminescence evolution of Eu complexed by humic substances in the low FA
concentration range, but detected a second luminescence mode at higher FA concentrations. The
first part - in the low FA concentration range - could be modelled adequately with the NICA-
Donnan model. The second part at higher FA concentrations is possibly related to interparticle

binding, a process not included in present humic ion binding models such as Model VII, SHM or
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NICA-Donnan. The FA concentration at which the luminescence pattern started to change
decreased with increasing pH of the solution with the concentration of Suwannee River Fulvic
Acid (Csrra ) < 100 mg/L at pH 4, Csrra < 40 mg/L and Csrra < 20 mg/L at pH 7. This pH-
dependence may explain that REE binding to HA at different REE/HA ratios is well predicted by
both ND (this study, Figure 3f) and Model VII (Marsac et al., 2021) for the data of Marsac et al.

(2010) that were measured at pH 3.

Model simulations by Marsac et al. (2021), who modelled the same data of Pourret et al. (2007)
using Model VII, show a similar trend as our ND simulations, with overestimation of REE-HA
binding at low HA concentrations and underestimation of REE-HA binding at higher HA
concentrations. The differences between their modelled concentrations at high and low HA
concentrations are, however, less pronounced. An important difference in the experimental setup
between Pourret et al. (2007) and Marsac et al. (2010) is | imposed by the concentration of the
background electrolyte NaNOs of 0.001 and 0.01 M respectively. The stronger deviations observed
with the ND modelling compared to the simulations with Model VI at the low ionic strength for
the Pourret et al. dataset may point into the direction of a discrepancy in the modelling of the
electrostatic interactions, which would have a stronger effect with the lower | in the experiments
of Pourret et al. compared to the experiments with the higher | of Marsac et al. (2010). According
to Koopal et al. (2022), and noted by Lenoir, Matynia and Manceau, (2010) and Janot et al. (2017),
the use of equation (5) (Kinniburgh et al., 1999), which relates the Donnan volume with the ionic
strength, results in relatively strong electrostatic interactions. According to equation (2), a possible
overestimation of the electrostatic potential will especially affect the electrostatic component in

the binding of trivalent cations such as the REE, this because in the exponent of equation (2), the
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valence of the ion z is multiplied with the electrostatic potential. At relatively high bulk
concentrations as is the case with high REE/HA, this may lead to substantial overestimation of
cation binding. It would be worthwhile to investigate the use of equation (4), which leads to more
realistic potentials than the Kinniburgh-equation (5) (Janot et al., 2017; Koopal et al., 2022). . We,
however, decided to stay with the one-parameter Kinniburgh equation (5) to have the newly
derived REE parameters compatible with the generic parameters of Milne et al. (2001, 2003),
which are used as the default ND parameters in the chemical speciation software, ECOSAT,

ORCHESTRA and Visual MINTEQ.
Comparison with Irving-Rossotti approach

Marsac et al. (2021) used another LFER than the one from Milne et al. (2003) to constrain their
REE-HA binding parameters. They followed the work of Irving and Rossotti (1956), who showed
that the binding constant for monodentate binding of metals to oxygen ligands in organic acids
(both carboxylic and phenolic) is related to the protonation constant of the ligand according to the
linear correlation:

log KmL = ao log Kui + o (8)
With logKnL the equilibrium constant for proton-ligand formation, log Kme the equilibrium

constant for metal-ligand complexation, and oo and Bo metal-specific parameters.

Applicability to the ND model

Carbonaro and DiToro (2007) showed that Bo is close to zero for most elements and can be
neglected. Together with Tipping et al. (2011), they used this LFER to regress the values of

logKwma, the mean equilibrium constant for metal binding to the stronger acid sites of NOM in the
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WHAM humic ion binding models V, VI and VII. To investigate the possibility to apply this
approach to the ND model, we regressed the ND median metal binding constants logK: and logK>
for 11 metals that were obtained by Milne et al. (2003) without any constraints, against the Irving-
Rossotti slope ao. Results are given in Figure 4, together with 9 other metals whose binding
constants were also determined by Milne et al. (2003) by using constrains on the parameter
optimisation. With the logK: of Al clearly deviating from the linear relation, we excluded this
metal from the regression, and obtained a good linear relationship, with R? of 0.89 and 0.90 for
logK1 and logKy, respectively.

This observation allowed us to use the Irving-Rossotti approach to regularize ND parameters in a

similar way as it was done for Model VI (Tipping, Lofts and Sonke, 2011; Marsac et al., 2021).
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Figure 4 Generic NICA-Donnan parameters logk; (a) and logK> (b) against the corresponding
Irving-Rossotti slope ao. Only the parameters determined by unconstrained optimization by Milne
et al. (2003) are included in the linear regression (n = 11, black symbols). Note that Al is not
included in the linear regression, due to large deviation of logK1 i from the other metal parameters
385 (red symbols). Other metals for which data were available but for which generic logK; were

determined applying constrains on the fit are shown for comparison (n = 9, orange symbols).
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Applicability to REES

Carbonaro and DiToro (2007) found that Bo significantly differed from O for several metal ions
including Eu®'. Later, Marsac et al. (2021) derived ao and Bo values for the whole REES series.
They found the following linear relation between LFER parameters (ao, Bo) and the binding
constants logKwma of REEs:

logKwmi = Ui oo + Vi Bo + Wi ),

where Ui, Vi and Wi are parameters that must be optimized for each type of binding sites.

Here, we fitted this LFER equation (9) to the above optimized logK; values. For type 1 sites, we
obtained 2.71, 1.37 and -0.52 for U1, V1 and W4, respectively. For type 2 sites, we obtained 13.20,
-0.74 and -0.24 for Uz, V2 and Wy, respectively As shown in Figure 1 (grey symbols), the logK;
calculated using fitted equation (9) describe the patterns of the optimized logK; rather well, which
gives confidence in the optimized ND parameters for REEs. These results also show the potential
to use the Irving-Rossotti approach to regularize existing NICA-Donnan parameters for other

metals.

Prediction of cation-competition effect on REE-HA binding
Modelling the effect of competitive cation binding (Fe**, AI**, Cu?") on REE binding to HA was

performed using experimental datasets previously published (Marsac et al., 2012, 2013, 2021).
Metal-binding parameters used were the generic ND parameters (Milne et al., 2003), reminded in
Table S1.

The modelled and measured pH-edge impact of parameterization on REE binding to HA is
displayed in Figure 5 for Eu. Results show that, using generic parameters, binding of Eu to HA is

over-predicted at all pH in the absence and in presence for all competitors. Experimental results
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show no effect of Cu?* on REE-HA binding, contrary to the trivalent AI** and Fe®* which, when

present in the system, lead to a significant decrease in REE-HA binding.
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Figure 5. pH-edge of Eu binding to HA, depending on the competitor present (Fe3*, AI**, Cu?*

or none). Points are experimental results (Marsac et al. 2021) and lines are model predictions:

solid lines with generic parameters and dashed lines with updated parameters according to the
IR approach and regression given in Figure 4.

The use of the generic NICA-Donnan model parameters from Milne et al. (2003) to describe this
competition effect seems to have quite strong limitations, since the addition of the three cations in
the modelling only leads to a slight decrease in the calculated amount of Eu-HA binding. We thus
used the LFER determined above (Figure 4) to update the Fe and Al NICA-Donnan parameters
proposed by Milne et al. (2003): logK1 re was shifted from 3.5 to 3.95, logK1 a1 from —1.05 to 2.09
and logKz,a1 from 8.89 to 9.07. Results on the binding of Eu to HA are shown in Figure 5. The

slight increase of logKire has no impact on Eu nor on Fe binding (Figure S5). However, the
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substantial increase of logK A has a significant impact on Al complexation to HA (Figure S5),
and thus on REEs binding, as shown in Figure 5 for Eu, although Eu complexation is still over-
estimated for the whole pH range studied.

This over-estimation of REE binding to HA by the ND model across a large range of pH values,
even in the presence of competitors, could be possibly due to the generic site densities Qi of Milne
et al. (2003) being too high for the specific HA (PAHA) used in this study. Adapting of proton-
binding parameters to the specific HA used in these experiments could be a way to increase the
accuracy of the results. However, it has not been tested since this was out of scope of this study.
Indeed, the goal of this work was to determine generic REE-HA binding parameters compatible
with the generic parameters of Milne et al. (2003) that can be applied in a wide range of
environmental conditions (type of HA as well as pH, ionic strength or REE/HA concentrations),
to be able to predict REE behaviour in such environments. We consistently capture the shapes of
REEs patterns and the impact of various environmental parameters, which can give us confidence
in the derived parameters.

Another explanation of the discrepancies between experimental and modelling results of the
competition experiments could be due to the fact that the specific binding of the Al- and Fe
hydroxy!l species (AIOH?*, FeOH?*) to HA is not taken into account in the ND model. In the
present ND model, these hydrolysed species only interact with HA through electrostatic binding
in the Donnan volume. Including the specific binding of hydroxy species in ND as within Model
VII, is worthwhile to consider as the modelling of strong hydrolysing trivalent species (e.g., Al,
Fe) with NICA-Donnan is known to be inferior compared to the modelling of the less strongly

hydrolysing divalent species (Milne et al., 2003).
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Conclusions

Recently, several datasets from literature were collected to calibrate the advanced humic-ion
binding model for the prediction of REE binding to HA Model VII (Marsac et al., 2021). This
work provides parameters to model REE binding to HA in various physico-chemical conditions of
pH, concentrations and ionic strengths, in the framework of another advanced humic-ion binding
model, the NICA-Donnan model. At the moment, such advanced models are the best option to
predict metal ion binding to HS (Koopal, Tan and Avena, 2020). This work will thus make it
possible to calculate REE speciation in various environments with ND using chemical speciation
software (ECOSAT, ORCHESTRA, and Visual MINTEQ).

This work also evidenced the potential of the Irving-Rossotti approach to estimate and constrain
metal-binding parameters for the NICA-Donnan model. Here we showed that it can also be applied
for ND parameter estimation of REEs when using the extended Irving Rosotti approach (Marsac

etal., 2021).
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Table S1. NICA-Donnan binding parameters obtained in the literature modelled for generic HA,
for proton and competitor metals.

lon H* Fe3* ARt

Cu®*
Paramet Generic A?ﬁ)pr;ed Generic A?S)prfd
Generic (Milneet  (Milne (Milne Generic (Milne et
er LFER LFER
al., 2003) etal., - etal., ; al., 2003)
(source) 2003) (this 2003) (this
study) study)
b 0.49
Qmax,l
3.15
(ea/kg)
Qmax,z
2.55
(ea/kg)
p1 0.62
P2 0.41
logKi 1 2.93 35 3.95 -1.05 2.09 2.23
logKi2 8.00 17.5 8.89 9.07 6.85
Ni1 0.81 0.30 0.40 0.56
Ni 2 0.63 0.25 0.30 0.34
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Figure S1. Predicted speciation of REEs bound to HA as a function of pH . Marsac 2010 dataset
was excluded from the plot for the sake of clarity, due to the limited pH range of these
experiments, performed in different conditions.
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Figure S5. Percentage of Fe(lll) (top) or Al(l11) (bottom) retained by a 5 kDa filter versus pH in

presence of REE, as experimentally determined (symbols) or calculated (lines) for [HA] =

12mg LY, S/REE] = [Al/Fe] = 10 uM in 0.01 M NaCl. Black lines correspond to default generic
520 parameters, red lines to Fe/Al parameters adapted according to the LFER given in Figure 4.
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