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Abstract

1
Abstract:

2 Rationale: Humic substances (HS), including humic (HA) and fulvic (FA) acids, play a vital
role in environmental systems, particularly in the sequestration and transport of trace metals.
While existing models like the NICA-Donnan model have illuminated metal-HS interactions,
the impact of HS concentration on these interactions remains insufficiently explored.

3 Methodology: This study centers on Suwannee River fulvic acid (SRFA) and investigates how
its concentration influences the dimensions and electrostatic characteristics of SRFA
complexes, utilizing europium(III) (Eu(Ill)) as a representative metal cation. The employed
methodology involves Taylor dispersion analysis (TDA) with capillary electrophoresis to
determine diffusion coefficients (D) and hydrodynamic radii (RH) of SRFA and Eu(III)-SRFA
complexes. The NICA-Donnan model is employed to estimate site densities, intrinsic
heterogeneity, and Donnan potential (yD).

4 Results: The RH values for SRFA and Eu(IIT)-SRFA complexes consistently fall between 0.78
and 1.03 nm, indicating that pH and SRFA concentration minimally affect complex size.
Donnan volume calculations based on RH align well with the NICA-Donnan model. The
results reveal changes in electrostatic properties, particularly the Boltzmann factor (), which is
sensitive to SRFA concentration, exhibiting more pronounced effects in trivalent cation-
containing SRFA complexes.
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Size Eu fulvic acid complexes

5 Discussion: The study underscores that the concentration of HS, such as SRFA, significantly
influences the size and electrostatic attributes of SRFA complexes, potentially impacting the
behavior of other cations in environmental systems, including iron and aluminum. The findings
highlight the importance of the metal/HS sites ratio in determining complex size and
electrostatic properties, providing valuable insights into the behavior of natural organic matter
in diverse environmental contexts. The discussion emphasizes the need for further research to
explore the influence of different cations on HS structures across a broader concentration range.

6 Introduction

Humic substances (HS), mainly composed of humic (HA) and fulvic (FA) acids, are ubiquitous in
the environment and are known to play an important role in the binding and transport of trace metals
such as rare earth elements (McCarthy et al. 1998a, McCarthy et al. 1998b, Bryan et al. 2012). Because
of HS heterogeneity, it is very difficult to determine their structure, which is strongly related to their
reactivity. A wide variety of models (Benedetti et al. 1996, Tipping 1998, Kinniburgh et al. 1999,
Hummel et al. 2000, Tipping et al. 2011) can describe metal-HS interactions. One of the widely used
model, i.e. NICA-Donnan model (Benedetti et al. 1996, Kinniburgh et al. 1999), allows accounting for
heterogeneity of HS, metal loading, pH, and ionic strength effects—and also to have a link on size
evolution (Benedetti ef al. 1996) — considering HS as a continuous distribution of groups of sites.

Cations, mostly divalent and trivalent, are known to play a role in supramolecular associations and
organization of humic substances (von Wandruszka et al. 1997, Piccolo 2002, Sutton and Sposito 2005,
Kunhi Mouvenchery et al. 2012, Kouhail et al. 2016), thus they can impact the size of HS entities
(Benedetti et al. 1996). The effect of Eu(Ill), as a representative of lanthanides, on the aggregation of
HA was shown (Plaschke et al. 2002, Plaschke et al. 2004, Naber et al. 2006), but the effect of HS
concentration received little attention. A previous study on Suwannee River fulvic acid (SRFA)
interactions with Eu(IIl) (Kouhail et al. 2016) raised some issues on supramolecular associations of
FA, and the role of Eu in these associations. One of the hypotheses is that there might be a change in
spatial organization of Eu-SRFA complexes with Csgra. The Eu(IIl) chemical environment evolution
with Cgrpa Was also proved to be ionic strength dependent. These observations suggested that in

addition to short range interactions, i.e. intra-particulate complexation, there might be interactions at a
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Size Eu fulvic acid complexes

longer range, i.e. inter-particulate repulsion, between particles that are complexing Eu(IlI) at high Csgga
(Kouhail et al. 2016). Such inter-particulate interactions are not yet accounted for in the existing
models describing metal interactions with HS.

Within the NICA-Donnan model framework (Benedetti et al. 1996, Kinniburgh et al. 1999), the
Donnan volume, Vp, is optimized to build the acid-base titration master curves (MCs), and decreases
with ionic strength following an empirical relationship (Benedetti ef al. 1996). The Donnan potential,
Yp, inside this volume is assumed negative and constant inside the particle and nil outside. It can be
calculated from the ratio of the activity of ions inside and outside the Donnan gel, and from the charge
density inside the gel (Benedetti et al. 1996). The increase of Eu(Ill) association at high Csgra With
ionic strength could then be linked to an apparent decrease of Vp and/or {, (Kouhail e al. 2016). Since
yp cannot be easily measured, the variation on Donnan volumes vs. pH, HS, and metal concentrations
should be investigated in a first step. The verification of this hypothesis implies the determination of
Donnan volumes of Eu(IIl)-SRFA complexes for varying experimental conditions. Determination of
Vp can be approached through the measurement of an average hydrodynamic radius, Ry, of the
complex (Avena et al. 1999).

Taylor dispersion analysis (TDA) using a capillary electrophoresis (CE) instrument appears as an
efficient tool for the characterization of HS samples under environmental conditions (d’Orlyé and
Reiller 2012). This technique enables to determine the diffusion coefficients, D, of solutes. It relies on
the specific dispersion profile of a solute plugged in a laminar Poiseuille flow, subjected to the
combined effect of diffusion and convection. From the diffusion coefficients, Ry values of SRFA
particles and Eu(III)-SRFA complexes can be estimated using the Stokes-Einstein equation.

In order to address the inter-particulate repulsion between particles that are complexing Eu(IIl) at

varying fulvic acid concentration, in this study, we will use SRFA as a proxy for HS reactivity and we
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propose to determine the Ry of Eu(IIl)-SRFA complexes at varying pH, Eu(Ill) and SRFA

concentrations.

7 Material and methods

7.1 Reagents and Chemicals

Europium(III) stock solution (10* mol/L) was obtained from the dissolution of Eu,O; (Johnson
Matthey, 99.99%) in HClO,. All solutions were prepared using milli-Q water from a Direct Q3
Millipore. Suwannee River fulvic acid (2S101F) was purchased from the International Humic
Substances Society (IHSS, St. Paul, MN, USA) and used as received, and concentration ranged from
30 to 500 mg/L.. SRFA was dissolved in a pH 10 solution and laid to rest overnight. The SRFA samples
were then adjusted to the desired pH value. The ionic strength was fixed with NaClO, (Sigma Aldrich,
>98%) at 0.1 M. The desired Eu(IIl) aliquot from the stock solution was added and the pH values were
fixed at 4, 6, and 7 by the addition of small amounts of freshly prepared 0.1 M NaOH and/or HCIO.,.
Measurements were done using a pH meter Seven Easy (Mettler Toledo) with a combined glass
electrode Inlab micro, filled with NaClO, 3M to avoid KClO, precipitation in the frit of the electrode
with the original KCl filling. The electrode was calibrated externally using commercial buffer solutions

(pH 4.01,7.01, and 10.00) with an uncertainty better than 0.08.

7.2 Capillary electrophoresis instrument

Taylor dispersion analysis (TDA) on a capillary electrophoresis instrument was used to determine
diffusion coefficients and Ry values of SRFA particles and Eu(III)-SRFA complexes at pH 4, 6, and 7,
at Cgyam of 1 and 10 uM. TDA was performed on a 7100 Agilent CE instrument (Agilent, Germany).
Capillaries used were bare silica tubing with dimensions of 60.8 cm x 50 ym and a detection window
at 52.6 cm. New capillaries were conditioned by successive flushes: 1 M NaOH for 30 min; 0.1 M
NaOH for 30 min; deionized water for 30 min. Between each run, capillaries were rinsed with 0.1 M

HCI for 6 min; 0.1 M NaOH for 6 min; 0.1 M NaClO, for 6 min. The inlet end of the capillary was
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Size Eu fulvic acid complexes

moved into the vial containing the sample. Experiments were done using a mobilization pressure of 50
mbar and the mobile phase was composed of the same electrolyte as in the HS sample (0.1 M NaClO,
at pH value equal to the sample pH). The temperature of the coolant liquid was set at 25 °C and the
detection wavelength for the UV-absorbance detector was set at 214 nm. All samples were run 3 times
and diffusion coefficients and Ry were reported.

One can recall that in TDA no potential is applied during experiments.

7.3 Theory

7.3.1 Taylor dispersion analysis data treatment
TDA theory has already been described in d’Orlyé et al. (2008) and references therein. The

convection diffusion equation for a front concentration profile is defined by the following equation:

c 1.1 (t —tp) (1)
C=0—§+Eerfl =

with C the mean solute concentration across the cross-section of the capillary as function of time at a
fixed position along the capillary axis, C, the concentration of the front, #; the mean residence time of
the solute in the capillary until it reaches the detector, and 02 is the temporal variance of the elution
profile. The diffusion along the axis of the capillary is assumed negligible. The 02 value is usually
estimated by fitting the elution peak; o2 is related to the dispersion coefficient, k, and to the mean
velocity of the fluid u.

2ktp (2)

0.2

The dispersion coefficient, k, can be determined by Taylor’s theory (Taylor 1953), extended later by
Aris (1956):

R2u? (3)

k:D+48D

where D is the analyte diffusion coefficient and R, is the capillary radius.
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The mean residence time of the solute in the capillary #;, has to be higher than the characteristic

diffusion time of the solute in the cross section of the capillary:

Dtg 4)

=—X>14
R¢

T

where T is a dimensionless residence time;

The Peclet number, P,, has to be higher than 69 for the axial diffusion to be negligible compared to

convection:
uRC (5)
Pe = T > 69
The diffusion coefficient can be determined using the following equation:
_ Rty (©6)

2407
where 7z and o? are obtained by non-linear fitting of the UV detector signal at 214 nm to Eq. (1) using
the Solver from Microsoft Excel software. The uncertainties on the fitting parameters were obtained
using the SolverAid macro (de Levie 2004).
The Ry values for SRFA are then calculated using the Stokes-Einstein equation:

_ kT @)
6mnRy

where kg is the Boltzmann constant, 7' is the temperature (in K), n is the fluid viscosity (kg.s'.m™") and
Ry is the Stokes radius.

7.3.2 NICA Donnan model
The NICA-Donnan model merges the Non-Ideal Competitive Adsorption (NICA) model with a

continuous distribution of sites, and a Donnan potential description to account for electrostatic
interactions within the structure of HS. The model accounts for sites heterogeneity, non-ideality of the

metal-HS complexation, competition between metals (Eq. 8) and electrostatic interactions (Eq. 9, and

Eq. 10) (Benedetti et al. 1996)



148

149

150

151

152

153

154

155

156

157

158

159

160

161

Size Eu fulvic acid complexes

njq (Ki,1CD,i)ni'1 [Zj(Kj,1CD,j)nj'1]p1 ®)
nH+,1 Zj(K]',ch,j)n]’l 1 + [Z]’(K]',ch,j)nj'l]pl

Qi = Qmax,l

niz  (RiaCod)™ [Zj(Kj,zCD,j)nj'z]pz

nH+,2 Zj(K]',ZCD,j)njVZ 1+ [Zj(Kj'ZCD'j)nj,Z]pZ

+ Qmax,z

where Qp.x.1, and Qnaxo are site densities of the two distribution of sites of SRFA, p; and p, are the
widths of the distributions of sites and are representing the intrinsic heterogeneity, n;j is the non-ideality
parameter, and K7, ; is the median affinity for low-affinity type of sites —so-called carboxylic S;—and
K", is the median affinity for high-affinity type of sites —so-called phenolic S,.

Within the NICA-Donnan model framework (Benedetti et al. 1996, Kinniburgh et al. 1999), the
Donnan volume Vjp, is optimized to build the acid-base titration master curves, and decreases with ionic
strength, /, following an empirical relationship (Benedetti et al. 1996). The Donnan potential ¢, inside
this volume is assumed negative and constant inside, and nil outside the particle. It can be calculated
from the activity of ions inside (a;p) and outside (a;) the Donnan gel — related by a Boltzmann factor

— and from the charge density, ¢, inside the gel.

o ep) z;F ©)
aip = X"'ai = Q;€Xp Tk ) T GeXP —ﬁlpu
i+22i(aw—ai) =0 (10)
Vp . '
l

For monovalent salts, it follows from Eq. (9) that

__1 (1)
C

The combination of Egs. (9), (10), and (11) gives
1 12
q_ <X+ - ) (12)

where ¢, is the salt concentration.

The latter equation can also be written as
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07+ (- ) - 1= 0 (13)

Ve
which has only one physically realistic solution since x* can only be positive.

In order to understand the effect of Eu(IIl) speciation changes on the size of the organic colloids,
modeling was performed using ECOSAT software (Keizer and van Riemsdijk 1994), which includes
speciation with inorganic ligands and HS through the NICA-Donnan model (Kinniburgh et al. 1999).
Milne et al. (2001) proposed generic data for HA and FA complexation with protons, and several
metals of interest (Milne et al. 2003). The inorganic side reactions of Eu(IIl) with OH- from Hummel
et al. (2002) are implemented in the ECOSAT database. Site densities of the two distribution of sites
of SRFA, parameters representing the intrinsic heterogeneity, and generic proton parameters for low-
affinity type of sites and high-affinity type of sites (Kouhail ez al. 2016) proposed by Milne et al. (Milne

et al. 2001, Milne et al. 2003) are recalled in Table 1.

8 Results and discussion

8.1 Estimated Ry with TDA

Taylor dispersion analysis using a capillary electrophoresis instrument is used to determine the
average diffusion coefficients of SRFA and Eu(III)-SRFA complexes at varying pH, Cg,, and Csgra
given in Table 2. Non-linear least-square fitting of Eq (1) are done for the front concentration profiles
considering mono-modal diffusion coefficient distributions. Experimental front concentration profile
and the Taylogram of an Eu-SRFA complex at pH 4 are presented in Figure 1. For different HS
samples, d’Orlyé and Reiller (2012) pointed out that the fitting of the front concentration profile can
be improved by considering a bi-modal diffusion coefficient distribution—same retention time tg, but
different proportions x; and x,, with x;+x, =100%, and different temporal variances 0, and 0,—for HS
samples except for SRFA samples. In this work, we corroborate this observation since a bi-modal
distribution is not improving the fitting, and statistical parameters (F) are not different using either a

mono or a bi-modal distribution for our SRFA samples. From D mean values, Ry values of

8
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Eu(Ill)-SRFA complexes are then estimated using Eq (7). The obtained Ry, values vs. Csgra at pH 4, 6,
and 7, for SRFA and for Eu-SRFA samples with Cg, of 1 and 10 yM (Figure 2), are between 0.78 and
1.03 nm. These Ry values are very close to the ones determined for the same SRFA sample with TDA,
i.e. Ry =0.88 nm for Cggra of 500 mgsrra/L at pH 10 and different ionic strengths.(d’Orlyé and Reiller
2012) This suggests that there seems to be no major changes in Ry with pH at quite high Cggga.

Almost all techniques for size determinations have been applied for HS samples, but each technique
is limited by their observation volumes, which are not necessarily comparable with each other.
However, these nanometric sizes were commonly observed for various HS samples using TDA
(d’Orlyé and Reiller 2012), vapor pressure osmometry (Aiken and Malcolm 1987, Chin et al. 1994,
Peuravuori and Pihlaja 1997, Peuravuori et al. 2007), small angle neutron (SANS) or X-ray scattering
(SAXS) (Osterberg et al. 1994, Diallo et al. 2005), flow field flow fractionation (FFFF) (Bouby et al.
2002, Bouby et al. 2011), fluorescence correlation spectroscopy (FCS) (Hosse and Wilkinson 2001,
Domingos et al. 2009), or atomic force microscopy (AFM) (Baalousha and Lead 2007). We can also
notice that Ry of SRFA calculated with the master curve approach in Benedetti e al. (1996) is also
consistent with these experimental data since it was estimated at 1 nm at I = 0.1 M. Similarly, the Ry
of SRFA calculated with the master curve approach from Tesfa et al. (2022) are quite consistent with
the present ones and further demonstrate that estimation of Vp, values with the approach from Benedetti
et al. (1996) are quite good.

At pH 4 and Cg,an = 1 M, we could not evidence a significant change in Ry values with Cgrpa
between SRFA and Eu(III)-SRFA. Conversely, at pH 6 and 7 there is a small, but significant, decrease
in Ry values with Csgra, Which was not observed by Lead et al. (2000). For Csgra between 30 and 100
mgsrra/L, Ry seem to be higher at pH 6 and 7 than at pH 4. It could be explained by molecular

expansion due to repulsive forces amongst charged groups with pH (Lead et al. 2000).
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At Cgyamy = 10 uM, a quite different comportment is observed for Eu(Ill)-SRFA: the Ry values are
almost identical at a Csgga higher than 300 mgsrra/L, regardless of pH and Cg,, while Ry are smaller
for the lower concentrations. These small decreases in Ry observed with increasing Cg, are most likely
indicating a change in the complex’s structures that can be molecular compression due to a decrease

in intramolecular repulsions.

8.2 Donnan volume calculations

Donnan volumes are calculated using Ry obtained from TDA experiments with Eq. (14),

_4mRPN, 1 (14)

V., =
P 3MW Pus

where My, is an average molecular weight, NV, is the Avogadro’s number, and gy is the dry bulk density.
In agreement with d’Orlyé and Reiller (2012), we use M,, = 829 g/mol for the calculations (Benedetti
et al. 1996, Moulin et al. 2001, Plancque et al. 2001, Benedetti et al. 2002, Piccolo and Spiteller 2003).
One can stress that, first, the choice of a particular My is implying a Vp, value, and second, that Vyp is
decreasing when My, increases.

Avena et al. (1999) studied the possibility to use the measured Ry as Donnan radius and came to the
conclusion that the obtained Donnan volumes were too small and are not satisfying for the MC
approach (De Wit et al. 1990). This observation could come from the use of different concepts that do
not provide the same Ry values. The Donnan model is valid when the size of the gel is large compared
to the Debye length but experimentally, Ry; of HS are close to the Debye length or even smaller (Avena
et al. 1999). Saito et al. (Saito et al. 2005, Saito et al. 2009) compared the empirical relationship used

in the NICA-Donnan model with the option of a Donnan radius equals to the sum of the calculated Ry

_1_ [|Er&okpT (13)
T 2N e

10

value and the Debye length %!,
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with [ the ionic strength, &, the permittivity of free space, ¢, the water dielectric constant, kj is the
Boltzmann constant, 7" the temperature (K), and e the elementary charge.

These two options to account for Vp in models gave adequate MCs (Saito et al. 2005). Donnan
volumes of SRFA, S*FAV, and Eu-SRFA, B-SRFAV, calculated using Eq. (14) are presented in Table 2.

The Vp, values calculated from TDA experiments with R = Ry are ranging from 0.98 to 2.90 L/kg.
These values are in agreement with the Vj, calculated with the empirical relationship (Benedetti ez al.
1996)—b =0.57 for a generic fulvic acid (Milne et al. 2001) leading to Vp = 1.38 L/kg. The Vp, values
calculated with R = Ry, + »! are ranging from 15.9 to 24.0 L/kg, which seems unlikely for fulvic acids.
Fulvic acids intrinsic viscosities [1)] measurements support this point since they are related to Ry

according to Eq. (16) (Kawahigashi et al. 2005):

[n] (4”R2Na>” ’ (16)
= 25x (¢
1 3M,,

Avena et al. (1999) reported intrinsic viscosities of FA equals to 5-10 L/kg for / = 0.1 M—meaning
Ry of 0.87-1.1 nm and Vp of 1.5-3.5 L/kg. Ghosh and Schnitzer (1980) reported values in the same
order of magnitude, i.e. [] = 5.4 L/kg for I = 0.1 M, when Visser (1985) reported smaller intrinsic
viscosities for FA, i.e. [n] values around 1-2 L/kg for / = 0.1 M.

Ratios AVp/Vp of the means of the difference between SRFAV, and EvdID-SRFAV J gyer the mean SRFAV

as a function of Cggpa are presented in Figure 3.

AVD SRFAVD _ Eu—SRFAVD (17)

VD SRFAVD

The AVp/Vp ratio can be seen as a compression factor. One can clearly see that there is no significant
change in Vp with Csgga for Eu(IIl)-SRFA at Cg,qry = 1 M compared to SRFA. In contrast, a Cg,qr of
10 uM lead to a significant decrease in Vp values for Csrra smaller than 100 mgsgra/LL—compression

factor reaches 50% for 30 mgsrra/L.

11
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For a Cg, of 10 M, Eu(IIl) is fully bound to SRFA for Csgra between 30 and 500 mgsrra/L at pH
7—see NICA-Donnan simulations in Figure S1 of the supplementary information (SI). The total
number of sites of SRFA being 7.74 mol/kg, one can calculate that only 1.29;0.43 and 0.26 % of SRFA
sites are occupied by Eu** respectively for Csgra of 100; 300 and 500 mggsgrra/L. At Csrra of 30 and 50
mgsrra/Le, 4.3 and 2.58 % of the SRFA sites are occupied by Eu**. At lower pH, the proportion of
SRFA sites occupied by Eu(IIl) are less important since Eu(IlI) is not fully bound to SRFA. At high
Csrra, the complexes are behaving as pure fulvic since the amount of Eu(IIl) is too low to impact the
electrostatic, even though it is completely bound to SRFA. For the lowest Csgra, a higher amount of
the SRFA sites is occupied by Eu**, which lead to significant changes in the size and therefore impact

electrostatic parameters.

8.3 NICA-Donnan Calculations

Calculations are done using ECOSAT with mean values of Vp (Table 2a) calculated from TDA
experiments in order to test the sensitivity of this size parameter on NICA Donnan parameters. The
values of 7y are calculated for each Csgea using Eq (13) (Figure 4). The y, value, corresponding to SRFA,
increases slightly from 24 to 32 for SRFA concentrations ranging from 30 to 500 mgsgra/L. In contrast,
Y10, corresponding to Eu(Ill),, ,m-SRFA, is decreasing with Cgrpa from 44 to 27 for SRFA
concentrations ranging from 30 to 300 mgsrra/L. For higher Csgrea, %10 values are close to the Y, ones.
In the presence of a metal, FA particles behave in a very different way. In presence of Eu(Ill), %1, 1S
decreasing—1)p, increases according to Eq (9) —with Cgsrpa. At low Eu/SRFA sites ratio — high Csgpa—
the absolute value of the Donnan potential 1y decreases, and therefore, the repulsion between SRFA
particles can be less important and SRFA nanometric entities can approach and interact easily with
each other to form larger entities. We can consider these interactions between SRFA entities as

supramolecular associations of fulvic acid particles (Piccolo 2002, Kunhi Mouvenchery et al. 2012).

12
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Ratios Y10/ for monovalent, divalent and trivalent cations calculated with ECOSAT are presented
in Figure 5. These ratios are close to unity for Csga of 300 and 500 mgsrra/L, which mean that the
Boltzmann factors are the same for SRFA particles and for SRFA complexes involving a mono, di or
trivalent cation. Csgra 1s decreasing with y;0/%o ratio—the greater increase is seen for SRFA complexes
involving trivalent cations. The Boltzmann factor of M*-SRFA complexes is 6 times higher than the
one of SRFA particles for a Csrra of 30 mgsrra/L at pH 7. This evolution can here again be explained
by the variation of the ratio of Eu bound to SRFA on SRFA sites. At a fixed Cg,, the amount of SRFA
sites that are occupied by Eu is more important at low Cggra than at high Cgrra. The electrostatic is
therefore more impacted at low Cgsrra When the ratio of Eu/SRFA sites is higher. Ratios y0/y are
evolving with pH. At a Csgra 0f 500 mgsgra/L—Ilow Eu/SRFA sites ratio—all the Eu is bound to SRFA
for pH 4; 6 and 7 (Figure S1 of the SI). For lower Cgrra —higher Eu/SRFA sites ratio—the proportion
of Eu bound to SRFA is changing. At 30 mgsgra/L, 45 % is bound at pH 4, 93 % at pH 6 and 99 % at
pH 7 respectively. Since there is more Eu bound to SRFA with pH, the impact of Eu on electrostatics

will be more important with pH.

8.4 Environmental implications

Information on the structure of humic substances complexes with lanthanides(II), and more
generally trivalent cations, is scarce. We evidence that Eu(Ill) interactions with natural organic matter
impact the size and the electrostatic description of SRFA particles. Complexation and low Eu/SRFA
sites ratio tend to lower the absolute value of the Donnan potential, which could favor a closer approach
of the nanometric entities to form larger entities at higher scales. Particularly, one can remind that
Plaschke et al. (2002) reported Eu(IIl)-induced agglomeration of HA at the 100 nm to micrometric
scales, which could be interpreted as favored agglomeration of smaller entities in the framework of our
measurements. This is a quite important observation since a Donnan volume in the NICA-Donnan

model is determined by a relationship depending on ionic strength and b, which is an empirical
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parameter determined from acid/base titrations. These titrations are done at quite high HS concentration
(about 1 to 4 g/L) (Milne et al. 1995, Avena et al. 1999). Since these concentrations are not relevant
of environmental conditions — about 1 to 10 mg/L of HS in lakes and rivers — and since the size of HS
appears to be depending on HS concentration, and to decrease in the presence of a metal, the particle
radius should be introduced in the model as an adjustable parameter.

One can suppose that other trivalent cations, e.g. Fe** and Al**, may share some commonalities, even
if their chemistry are significantly different—e.g. higher charge to ionic radius ratio, stronger
hydrolysis and lower solubility.

Iron is a major component at the surface of the Earth and therefore plays a central role in
environmental surface systems. The speciation of Fe is an important issue in environmental science
since it is involved in many biogeochemical cycles (Boyd and Ellwood 2010, Raiswell and Canfield
2012). For instance, Nuzzo et al. (2013) evidenced changes of FA size with Fe(IIl) complexation —
molecular size distribution of FA measured by HPSEC was increasing with Fe(IlI) complexation. As
the calibration of HPSEC in Da using polysaccharides is not related to a metric size in Nuzzo et al.
(2013) it is difficult to directly compare Da to nm. Nevertheless, even if this molecular size distribution
evolution with metal concentration is in apparent contradiction with our observations on the Eu-SRFA
system at the nanometric scale, it can be interpreted as the favored agglomeration of smaller entities,
the Donnan potential of which sees its absolute value lowered and inter-particular repulsion decreased.
Nuzzo et al. (2013) observed an opposite behavior for HA with Fe(III) complexation but at lower
proportion of Fe(III) relative to HA, which renders the comparison between the two fractions difficult.
Since Donnan volumes have shown to be dependent on metal/HS ratio, further studies are needed to
confirm impact of other divalent (Cu?*, Cd?**...) and trivalent cations (Fe**, AI**...) on HS structures on

a wider range of concentrations.

9 Conclusion
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Sizes of SRFA and Eu(III)-SRFA complexes are on the nanometric scale and we cannot see any size
evolution for a Cg, of 1 yM. For this concentration, Eu occupies less than 0.3 % of SRFA sites and
thus, Eu(IlT)-SRFA complexes are behaving as pure fulvic acids. For a Cg, of 10 #M and at the lowest
Csrra, a higher amount of SRFA sites are occupied by Eu(IlI) which lead to significant changes in the
size of complexes. The sizes seem thus to depend on metal/SRFA sites ratio. However, we cannot
explain the different spatial organization of Eu-SRFA complexes perceived with SRFA concentration
(Kouhail et al. 2016) by a variation in SRFA size. No important variations in Ry and NICA-Donnan
parameters were seen for Eu(Ill)-SRFA complexes with a Cg, of 1 M while the asymmetry ratio
evolution in our previous study evidence the supramolecular associations of SRFA for these
complexes. The supramolecular structures of SRFA perceived for Eu(IIl)-SRFA complexes with Cg,qn
of 1 and 10 uM (Kouhail et al. 2016) cannot be evidence directly by Ry variations, but a comprehensive
study of other NICA-Donnan parameters — i.e. the Boltzmann factor ¥ and the Donnan potential {p, —
brings new information on the structure of complexes. The possibility of an interfacial potential, as a
double layer spreading outside the Donnan gel (Saito et al. 2005, Saito et al. 2009), should be
investigated and implemented within the framework of NICA-Donnan. Counterion condensation in a
double layer inside the particle in addition to the Donnan description, as recently proposed by Town
and van Leeuwen (2016a, 2016b) seems to describe well the electrostatic interactions of divalent

cations with HS.
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506 12  Tables

507  Table 1. NICA Donnan parameters for proton and Eu(IIl) binding to a fulvic acid (Milne et al. 2003).

Qi Q:
(molkgra™) nim | logiK 1M p1 (molkgra™) n:m logi0K™2m P2 B
H* 5.88 0.66 2.34 0.59 1.86 0.76 8.60 0.70 | 0.57
Eu** 047 -1.92 045 5.87

508
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509  Table 2. Donnan volumes of SRFA particles (®FAVp) and Eu-SRFA (B*-SRFAV) complexes
510  calculated using Eq. (14) with R = Ry (Table 2a) or R = Ry + ! (Table 2b), and pus = 2.17 and M,, =
511 829 g/mol.

(a Vp (Rp) L/kg

SRFA Eu; ,»-SRFA |Eu, ,\-SRFA|

Csrra (mg/L) | Vp (L/kg) Vb (Lkg) Vb (L/kg)

30 1.82 1.88 0.98

50 2.37 2.16 1.49

pH 4 100 2.43 1.64 1.78

300 2.34 1.97 2.36

500 1.92 1.80 1.78

30 2.50 2.67 1.08

50 2.34 2.43 1.50

pH 6 100 2.39 2.47 1.81

300 2.40 2.31 1.97

500 1.88 1.88 1.68

30 2.70 2.49 1.25

50 2.56 2.90 1.58

pH 7 100 2.42 2.56 1.81

300 2.17 2.14 2.01

512 500 1.64 1.75 1.66

()  Vp Ry +x")L/kg

SRFA Eu; ,»-SRFA |Euyg ,\-SRFA|

Csrra (mg/L) |V (L/kg) Vb (L/kg) Vp (L/kg)

30 19.7 20.0 15.9

50 22.0 21.1 18.3

pH 4 100 222 18.9 19.6

300 21.9 20.4 22.0

500 20.2 19.7 19.5

30 22.5 23.2 16.4

50 21.9 222 18.3

pH 6 100 22.1 22.4 19.7

300 22.1 21.7 20.4

500 20.0 20.0 19.1

30 233 225 17.2

50 22.8 24.0 18.7

pH 7 100 222 22.7 19.7

300 21.2 21.1 20.6

513 500 19.0 19.4 19.0

514
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Figure 1. (a) Taylogram of Eu-SRFA complex at pH 4, Cg, = 1 uM and Cggpa = 100 mgsgra/L
and (b) Experimental front concentration profile (one-tenth of the experimental points are
represented); dotted line is the fit of the analytical solution to the convection—diffusion Eq
Erreur ! Source du renvoi introuvable. assuming a mono-modal distribution: Experimental
conditions: fused-silica capillary, 50 ym id x 60.8 cm (detection length 52.6 cm); mobilization

pressure 50 mbar; temperature 25 °C; UV detection 214 nm.
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The supplementary data contains one Figure and one Table. The Figure shows the simulation
of the proportion of Eu(III) bound to a generic fulvic acid for Cgyqn of 1 M and 10 uM at pH
4,6, and 7, using generic NICA-Donnan parameters. The Table shows the hydrodynamic radii
as function of Cgsrra for SRFA samples and Eu(III)-SRFA complexes, for Cg, of 1 and 10 uM,
atpH4,6,and 7.
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Figure S1. Simulation of the proportion of Eu(III) bound to a generic fulvic acid for Cg,qn of 1
uM (orange lines) and 10 uM (green lines) at pH 4 (a), 6 (b), and 7 (¢). Simulation of Eu(III)
distribution on S, sites (dashed lines) and S, sites (dotted lines) of SRFA. Solid lines are the

sum of S; and S, sites. Generic NICA-Donnan parameters are given in Table 1.



Table S1. Hydrodynamic radii (Ry) as function of Csgra for SRFA samples and Eu(IIl)-SRFA

complexes, for Cg, of 1 and 10 uM, at pH 4, 6, and 7. Viscosity used for calculation is 0.00089

kg.s'.m'.
Ry (nm)
SRFA Eu; ,u-SRFA |Euy ,-SRFA|
Csrra (mg/L) |Ry (nm) Ry (nm) Ry (nm)
30 0.91 0.92 0.78
50 0.98 0.95 0.86
pH 4 100 0.98 0.88 0.90
300 0.97 0.93 0.98
500 0.92 0.91 0.90
30 0.99 1.01 0.80
50 0.97 0.98 0.86
pH 6 100 0.98 0.99 0.91
300 0.98 0.97 0.93
500 0.92 0.92 0.89
30 1.01 0.99 0.83
50 1.00 1.03 0.88
pH 7 100 0.98 1.00 0.91
300 0.95 0.95 0.93
500 0.88 0.90 0.89




