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Highlights:

* Model VIl and NICA-Donnan are tested at high iositength () using the SIT.

* Forl > 1 m, Model VIl is applicable as a non-electrastenodel.

* No modification is needed for NICA-Donnan.

* Both models predict the effect bbn proton- and metal ion-humate (M-HA) binding.
» SIT parameters for simpler M-HA binding models vaiyh pH and metal loading.
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Abstract. Because highly saline groundwaters are found egnpi@al repository sites for nuclear
waste, geochemical models should predict the speciaf relevant radionuclides in brines,
including their complexation with substances susthamic acids (HA). In this study, available
experimental radionuclide-HA complexation data ighhl:1 background electrolyte solutions
(0.01 <myaci/nos/cl0, < 4 molal,m) are reviewed. Discrepancies in the amplitude oiicio
strength effects on radionuclide-HA complexatioe abserved, which might depend on the
nature of the interacting radionuclide or on thigiarof HA. However, significant differences in
the experimental conditions and calculations applie determine conditional metal ion-HA
complexation constants hamper direct comparisowd®st these datasets. To clarify whether
metal ion-HA binding in saline solutions can beat#®d, two sophisticated humic-ion binding
models (Model VII and NICA-Donnan) are presentlegdisThis is the first time that Model VI
and NICA-Donnan are applied to predict metal ion-biAding at high ionic strength £ 1 m).
The advantage of these models, compared to mongesiomes (e.g., the polyelectrolyte or the
charge neutralization models), is that both elstatic and chemical contributions to the overall
metal ion-HA binding are explicitly taken into aced. Model VIl and NICA-Donnan are shown
to produce very similar results. Trends in condiglbmetal ion-HA binding constants and in the
maximum metal ion uptake by HA (e.g., the loadiagarity) withl agree with experiments. The
present data evaluation suggests that most of gparent discrepancies between various
experimental datasets arise from differences iretperimental conditions. Both Model VII and
NICA-Donnan predict that the specific ion interactitheory (SIT) parameters for metal ion-HA
systems, which are required for high ionic strengitin more simple models, vary with pH and
metal loading. Overall, Model VIl and NICA-Donnareable to account for various mechanisms

involved in metal ion-HA complexation, including ethmetal loading effects and cation
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competition, and might be helpful predictive tofas performance safety assessment up to highly
saline conditions.
Keywords: humic, radionuclide, complexation, brine, salik®del VII, NICA-Donnan, specific

ion interaction theory.
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1. Introduction

Humic substances (HS) such as humic (HA) and fu{fi8) acids are ubiquitous in
natural waters and form complexes with dissolvedairiens. They play a crucial role for metal
ion mobility and bioavailability in the environmeriiS exhibit extreme complexity. The major
HS cation-binding groups are the carboxylic andnplie groups (Ritchie and Perdue, 2003), but
less abundant softer Lewis bases (e.g., N- andn&icing groups) also contribute to cation-HS
complexation (Tipping, 1998; Hesterberg et al., DOMHS are macro-ions and electrostatic
effects are relevant for their complexation projsttMoreover, several HS groups may bind a
single cation, which either leads to a chelatiofeatf (Martell and Hancock, 1996) or to the
formation of a cation bridge between different aiiganolecules (e.g., Kunhi Mouvenchery et al.,
2012). Hence, metal ions can form a large variétgamplexes with HS, leading to apparent
complexation constants that depend on pH, ionength and metal ion/HS concentration ratio
(i.e., the metal loading) including the presenceahpeting cations like Ca and Mg. Substantial
efforts have been made to determine thermodynaretalrion-HS complexation constants and to
develop predictive models for environmentally reletvconditions (e.g., Kim and Czerwinski,
1996; Benedetti et al., 1995; Tipping, 1998; Milee al.,, 2001; 2003; Sasaki et al., 2008).
Because of the complexity of HS, very different maehes have been proposed to describe the
reaction between HS and metal ions.

The resulting metal ion-HS complexation models waeeloped for, and mainly applied
to describe metal ion speciation under freshwataditions, but were shown to be applicable for
the more saline conditions that occur in estuaaed seawaters (e.g., Hiemstra and van
Riemsdijk, 2006; Turner et al., 2008; Stockdaleakt 2011). Nonetheless, few studies have
investigated metal ion-HS interactions under higédline conditions, such as ionic strendbh (

exceeding that of seawater (i.e> 0.7m). The latter conditions are relevant with regardhe
5
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safety of nuclear waste disposal in rock salt faromsor in specific clay formations. For
example, deep waters in the Jurassic and lowera¥abus clay rock formations in Northern
Germany may contain salt concentrations as higlakemit 4 M (Muhlenberg et al., 1997).
Sedimentary rocks currently investigated in Carea@ain contact with brine solutions up to 6.5
M (Fritz and Frape, 1982). Although high ionic siggh commonly leads to the coagulation of
HS, this process has been shown to be incomplateaiy cases and non-negligible amounts of
dissolved HS were reported to persist (Wall andpgpig 2003), which can react with dissolved
metal ions.

Most of the radionuclide-HS complexation studiessaline solutions focused on HA.
Because few data for FA exist, only HA binding pdpes at high ionic strength are discussed
herein. Generally, at constant pH, the appareniomadlide-HA complexation constants in
monovalent background electrolyte solutions (eNaCl or NaClQ) decrease with increasing
ionic strength from very dilute aqueous solutiopstar 1 molal (mol kg, hereafter denoteqh).
However, different binding behaviors are obsenard £ 1 m. Specifically, UQ*- and P&*-HA
complexation constants increase with increasingismmength (Labonne-Wall et al., 1999; Szabo
et al., 2010), whereas €eHA complexation does not vary substantially, anif*HA
complexation slightly decreases (Kurk and Chop@000) with increasing ionic strength.
Although data from Czerwinski et al. (1996) and Wedlal. (2002) consistently show increasing
Am*/Cm**-HA binding with increasind, Czerwinski et al. (1996) observed minor variation
complexation constant values withThis led them to propose an average value (wé&hdard
variation of + 0.14 log units) for the entire rangfd investigated, which contrasts with Wall et al.
(2002) where much larger variations were reporgab(t 3 log units). Furthermore, for<ll <
3.5m, the maximum amount of radionuclide that is expernitally found to bind to HA (e.g., the

so called loading capacity in the charge neutrdimamodel) was shown to decrease with

6
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increasing for trivalent actinides (Czerwinski et al., 1996}ereas it remained constant in the
case of Pu(lV) (Szabo et al., 2010). All these rdipancies might be indicative of conformational
changes in saline solutions, which would dependhemature of the interacting radionuclide as
well as on the origin of HA. However, significantfdrences exist in the experimental conditions
and calculations applied to determine conditionatahion-HA complexation constants between
these different studies, which complicates datapayison. Some studies were conducted in non-
complexing background electrolyte solutions (NaglOzerwinski et al., 1996; Szabo et al.,
2010). High [C]] is environmentally relevant (as opposed to hiGtO[]), but metal ions can
bind CI, which may affect the determination of radionuelidA complexation constants.
Complexation data for U~ and Anf*-HA binding from Labonne-Wall et al. (1999) and Wal
et al. (2002) were obtained in acetate buffers uadient (air) atmosphere. Like many ligands,
acetate and carbonate form aqueous complexes V@it ldnd Ani* and can compete with HA.
Experiments were conducted at different radioneetmtHA concentration ratios, which might
also affect HA charge and conformation. Finally, pikeasurement is non-trivial in saline
solutions. More specifically, “constant pH valuesin refer to constant proton activity (pH = -
log ay+; Szabo et al.,, 2010), proton molality (pH - logmy+; Czerwinski et al., 1996;
Labonne-Wall et al., 1999; Wall et al., 2002), onstant experimental values, as read on the pH-
meter (pHyp Kurk and Choppin, 2000; where the fpHm relationship is provided). Deviation
between pH, pH and pHy, as affected by may also hamper comparison between different
datasets.

Available radionuclide-HA complexation data havem@nalyzed using relatively simple
models such as the Polyelectrolyte Model (PM; Toramd Choppin, 1984) or the Charge
Neutralization Model (CNM; Kim and Czerwinski, 1996 'hese models can be conveniently

included in the speciation codes used for perfonaasafety assessment. Within these models,
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binding parameters may vary with pH andigh salt levels require an appropriate treatnoént
activity coefficients for aqueous species in geaodlal models, such as application of specific
ion interaction theory (SIT; Ciavatta, 1980). Meitth complexation constants can also be
extrapolated to = 0 using SIT, when considering HA as a soluteweler, due to HA
complexity, SIT parameters are no more than adpetparameters and their values have no
clear physical significance according to the ordiauthors (Czerwinski et al., 1996; Szabo et al.,
2010). Given the differences in the experimentalditions between previous radionuclide-HA
complexation studies and the different calculatiapplied for the determination of metal-HA
complexation constants (e.g., with the CNM or thd)Pit is difficult to evaluate how SIT
parameters would evolve with changing metal ion ceotrations and physico-chemical
conditions.

More sophisticated models exist, such as the hiomibinding Model VIl (Tipping et al.,
2011), or its previous versions (Models V/VI: Tipgiand Hurley, 1992; Tipping, 1998), and the
NICA-Donnan model (Kinniburgh et al., 1996; Koopetl al., 2005). The description of HA
properties relies on several assumptions, and dheus models include a more or less detailed
description of metal ion-HA interaction. In partiay the electrostatic and chemical contributions
to the overall metal ion-HA binding are separatedhe models. This is a major advantage for
understanding metal ion-HA binding in saline sauos, because ionic strength is expected to
more strongly affect electrostatic than chemicaldbig properties of HA. Unfortunately, as
pointed out by Tipping (1998), the electrostatiqpm@ach included in Models V/VI/VII is
unlikely to be applicable fdr> 1 m. In contrast, NICA-Donnan equations seere@pplicable
in highly saline conditions (up to 2 M), as shovan HA proton titration data (Benedetti et al.,

1996), but, to our knowledge, it has never beetedefor metal ion-HA complexation data.
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In the following, we evaluate the applicability bdel VII and the NICA-Donnan model
for saline aqueous solutions, focusing on the coni@mt electrostatic approaches. The following
analysis involves close inspection of the modelagigns in conjunction with comparisons of
simulated and experimental HA proton titration aratlionuclide complexation data. The
mechanisms responsible for the effect of ionicrgjtle on cation-HA complexation are also
discussed within the context of the assumptioneremt to Model VII and NICA-Donnan.
Finally, the impact of the physico-chemical corah8 on the experimental determination of SIT

parameters for more simple cation-HA models isufised.

2. Theoretical background

2.1. Agqueous speciation calculations and codes

lonic strength I) affects the activity of dissolved ions in solutjowhich must be
accounted for, for instance, when extrapolatingnfation constants to hypothetical infinite
dilution condition (i.e., fol = 0 m). In the present study, activity coefficieni$ ére calculated
according to the specific ion interaction theoryT(SCiavatta, 1980). SIT is generally considered
valid for ionic strengths up to 3 -m. At 25 °C, activity coefficients for an aqueougsiesi with

a charge, are calculated as follows:

,0.509 x /1

+ ) e(i,k) xm =—Z-2D+Zei,k X m 1
715/ 4 (i, k) k i (i, k) k €]

k

logy; = —z;

where D is the Debye-Huckel term used in St¥,s the molality of the aqueous spedie@gnol
kg?), ande(i,k) is the specific ion interaction coefficienttveen specidgsandk (kg mol™).

In the present study, we use PHREEQC (version ikhBest and Appelo, 1999) to model
cation-HA binding with Model VII. The NICA-Donnanadel is not implemented in PHREEQC

yet, which will require future modification of PHEE)C code. Therefore, Visual MINTEQ
9
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(version 3.0; Gustafsson, 2012) is used to moderrcdlA binding with NICA-Donnan. The SIT
database provided with each code is used (whiclhegoonds to ThermoChimie v.7.b in
PHREEQC). Unless mentioned in this study, the sdan@emodynamic constants and SIT
parameters were selected throughout. The metastafilClIO,, sometimes used as background
anion, is avoided in the models by defining perdcdti® as a master species. The Pitzer approach
(Pitzer, 1991) can be applied to calculate actigibefficients for aqueous ions in even more
concentrated media than appropriate for SIT, wivolild be more relevant for brine solutions.
However, in the present study, the SIT was cho¢gnfor the sake of simplicity, as it is
approximately equivalent to a simplified Pitzer rab{Grenthe et al., 1993); (ii) because most of
the thermodynamic data are taken from the NEA datal(Guillaumont et al., 2003), which
recommends the use of SIT; and (iii) because Pégaations are implemented in PHREEQC but
not in Visual MINTEQ, the NICA-Donnan model canrim# tested yet in combination with the
Pitzer model.

Experimental pH measurements (i are affected by the background electrolyte
concentration under saline conditions (e.g., Alenat al., 2003), and appropriate calibrations
are necessary to relate empiricalegfto the molality of the proton (pk= - logmy+). The
deviation between pdi, and pH, increases with increasing ionic strength such k< pHm
for concentrated electrolytes. The pH (= - tgg ), which is a master variable and hence required
by speciation codes, can be determined from phd calculateg,+ values. In this study, SIT is

used to calculate pH.

10
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2.2. Determination of empirical metal ion-HA compl&ation constants

Empirical models consider that the metal ion bitwl®ne generic HA site. Non-specific
metal ion-HA interactions are not considered exihjicThe general complexation reaction of a
cation M with HA can be written as follows:
M+ HA = MHA (2)
and the corresponding conditional stability consian

HAp _ [MHA]
P = a1, Tl 3)

Various approaches can be found in the literatardetermineé g values. Therefore, it is not
possible to directly compafé'g values reported in separate M-HA complexationistidnless
the same calculations were made or appropriateectoons are applied. The differences arise
from the various possibilities for defining [Mjr [HA]; in eq. 3. For example, [Minay refer to

(i) the total dissolved metal ion concentrationeguilibrium (noted [M:sin the following),
which includes complexes of M with any ligand excep (e.g. OH, CI, COs* or acetate when
used as a pH buffer) or (ii) the “free” aquo-ionyriM*s. In the remainder of the text, M-HA
complexation constants referring to the total digsib metal ion concentration and to the aquo-
ion will be denoted”p(M) and*B(M*"), respectively. [M']; can be calculated by dividing the

[M] ot value by the side reaction coefficieng,{ Ringbém, 1963):

aM=1+E §h+gﬁl><mi. (4)
mh,
7 7

Here, B, are the hydrolysis constants, L is a ligafdare the formation constants for M(L)

complexes andn,+ andm, refer to the molalities of Hand L. In eq. 4, B, and B, are

conditional constants, valid at a given ionic sgittn Possible ternary complexes (i.e., involving a

11
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metal ion and two different ligands) or polynuclsgecies are not included in eq. 4 for the sake
of simplicity in the present text, but they mustthken into account in the calculations.

The definition of [HA} (eq. 3) also depends on the humic-ion binding rhodesidered.
In the present study, the notation of Marquardt Kird (1998) is used for the differefif'p
(namely,"K, "B.c or "B, as defined below). HA site density, commonly esponding to the
proton exchange capacity of HA (PEC, in eq g(H)Aran be taken into account to determine the
total HA site concentration ([HA}, in eq kg(HO)™). The corresponding M-HA complexation
constant, denoted'K, can be calculated considering that:
[HA]f = [HAltor — [MHA] (5)
where™K varies with pH, ionic strength, metal loading;.et

Competition between the metal ion and ldan be included via the degree of
deprotonationdy,) in order to suppress the dependence of the M-blAptexation constant on
pH:
[HA]f = [HAltor X ana — [MHA] (6)
The concomitant complexation constant is ndt&fl, and refers to the Polyelectrolyte Model
(PM; Torres and Choppin, 1984). The degree of depstdion, ay,, IS experimentally
determined by proton titration and depends on péttand ionic strength.

Another approach is to consider the effective amofibinding sites at a given pH ahd
Here, the aim is to suppress the dependence dfltHA complexation constant on both pH and
HA site saturation at high metal loading. In a PHA study, Szabo et al. (2010) determined
the maximum complexing capacity £8, in mol g*) of HA immobilized on silica gel (19.9 mg
HA g%), associated with a complexation constant dendtpePu’™):

[HA]f = Bnax — [PuHA] 7

12
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where Bnax and "B(PU™) are determined by analyzing SiEA-Pu binding isotherms with a
Langmuir-type equation.

The effective amount of binding considered in tHea@e Neutralization Model (CNM,;
Kim and Czerwinski, 1996) is the “loading capacityC, generally in mol §). For this model, it
is assumed that the total amount of HA sites thatviailable to neutralize the metal depends on
the metal chargez). In the CNM, the free HA site concentration isided as:
[HA]f = [HAl or X LC/z — [MHA]. (8)

The corresponding M-HA complexation constant isedSf'B,c.

2.3. Humic-ion binding models NICA-Donnan and ModeMIl
2.3.1. Chemical part of the models

NICA-Donnan and Model VII have been described wesal publications (e.g., Koopal et
al., 2005; Tipping et al. 2011). Because the effdcthe ionic strength is taken into account
through the electrostatic part of these models,cti@mical part is only briefly discussed here.
Cation-HA complexation (including Bl in NICA-Donnan and Model VII follows identical
reaction equations (eq. 2). Additional equatioresweged to account for HA heterogeneity. NICA-
Donnan describes HA heterogeneity by a continudiisitg distribution for the interaction
between a cation and HA, whereas Model VII considelarge number of binding sites with
different but discrete affinities for the cationhd chemical cation-HA binding parts of these
models aim at describing the overall cation-HA cteration (e.g., expressed as a H¢ value)
as a function of pH, cation to HA concentrationiadbr “metal loading”), and take into account
cation competition with a limited number of paraerst The latter parameters are “intrinsic”
because they do not vary with the physico-chemicalditions. However, parameters usually

vary with the type of HA, including origin or comgition. Generic parameters for a wide range
13
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of metal ions and HAs were determined for NICA-Danr{Milne et al., 2001; 2003) and Model
VII (Tipping et al., 2011) by fitting experimentalatasets. These generic parameters capture
“average” HA behavior, and will be used as suclhia study. Consequently, the present work
does not aim at discussing the capability of theege parameters to precisely simulate a given
dataset (i.e., no parameter optimization is maBa}her the capability of NICA-Donnan and
Model VIl to predict variations in apparent catibix binding constants with the ionic strength
will be discussed (e.g., trends in 8K versusl).

It is important to note that, in NICA-Donnan and &b VII, Na“ is not considered to
bind specifically to HA unlike C& or Mg?*, which complex with HA in solution. Therefore, for
high 1:1 Na-containing background electrolyte soluie.g. NaCl/N@CIO,4), Na' is considered
to control the ionic strength and to affect otheetah ion complexation by HA only via

electrostatic effects.

2.3.2. Electrostatic models

HAs are large and negatively charged polyelecteslyfhis leads to an accumulation of
cations in the vicinity of HA binding sites. Eleastatic models aim at converting the dissolved
cation concentration in the bulk solution ()p a local dissolved cation concentration ([G)
that occurs adjacent to the HA site. To accomphss) the electrostatic potential of HA particles
(%, in V) is computed using a Boltzmann factor:
[Clioc,i = [Cli X exp(=z,F¥/RT) (9)
Here,z is the charge of the catiom,is absolute temperaturg,is the Faraday constant aRds
the gas constant.

Within the NICA-Donnan framework, HAs are considkras permeable spheres.

Counter-ions are accumulated in a Donnan phase.eldetrostatic potential#p) is constant
14
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305

inside the Donnan volume and equals zero outsig@e, (n the bulk solution). The Donnan
volume (Wb, in L kg(HA)?) is calculated as follows:
logVp =b(1 —logl) — 1 (10)
The paramete is adjusted by fitting acid-base titration expegints at varyindg and depends on
the type of HA (origin, composition, etc). In themhan volume, the negative charge of H (
is neutralized by counterions:
oo+ 2z ([C1p — [€1) = 0 (11)
where G; and G refer to the concentration of the ibwith a charge; in the Donnan phase and
in the bulk solution, respectively. The activity thfe ion in the Donnan phase is required for
calculation of the specific binding.

Within the Model VII framework, HA molecules arersidered as impermeable spheres.
Since the conceptualization of HA particles and thenerical treatment of the electrostatic
effects resemble a surface complexation model,(sag the present implementation of Model
VIl in PHREEQC in the following section), we willedote the electrostatic potentit,
similarly to the surface potential of minerals. Telectrostatic correction is an empirical equation
that mimics the Boltzmann factor:
exp(—F¥,/(RT)) = exp(=2PQlog (1)) (12)
wherel is the ionic strength (mol1), P is an adjustable parameter (generally -400<<F00 for
HA) andQ is the net humic acid charge (€g)gin NaCI/NQ/CIO, background electrolytes, the
molality and molarity scales do not significantlyfer for | <1 M (or m). The molality scale is
used to extrapolate the model to higlA Donnan model is also used in the original \@rspf
Model VII, but it only accounts for counter-ion aculation (i.e., to calculate the amount of ion
bound to HA in a non-specific manner) and has riecefon electrostatics, in contrast to the

NICA-Donnan model. Because in Model VII, HA is catesed to be an impermeable sphere of
15
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radius r, the Donnan volume is a layer at the serfaf the sphere, with a thickness equal to the
Debye lengthK™ = (3.29x18x13; in meters) in mol L and at 25°C). With the molar mass
and the radius of HA (15000 g ripl1.72 nm) inherent to Model VII, the surface acaHA
(Ana) equals 1500 m2'fy Hence, the Donnan volume in Model VIl equalg.Ak™ (in m® g%).
Unfortunately, the “-donnan” keyword cannot be usétth SIT and Pitzer options in PHREEQC.
It can only be used with other databases, whichatanvolve SIT or Pitzer models (e.g. which
use Davies or Debye-Hiickel equations to calculativity coefficients). However, during
preliminary tests, we found very little effect diese calculations on the overall cation-HA
binding (see Fig. S2), especially at highwhere the Donnan volume drastically shrinks.
Therefore, this option is not used in the preseuatlys that is, counter-ion accumulation is

neglected.

2.3.3. Implementation of Model VII in PHREEQC

The complete Model VII chemical reaction databakescribed in Tipping et al. (2011),
was previously included in PHREEQC by Marsac e(2014) and is used in this study. In the
supporting information, a file that can be usedntadify Model VII chemical reaction database
(e.g., to include other cations or to change biggiarameters) and an example of PHREEC input
file are given.

Previous studies, where Models V, VI or VII weraipted with PHREEQC, attempted to
convert this empirical electrostatic humic ion-bimgimodel into the diffuse layer model (DLM)
formalism (Appelo and Postma, 2005; Liu et al., 200larsac et al., 2011, 2014; Catrouillet et
al., 2014). Such a conversion requires the caliomaif a surface area (A) that depends on the
ionic strength. Similar computations have been qgoaréd for polyelectrolytes such as

polyacrylic acid (Lutzenkirchen et al., 2011). Swghproaches result in physically unreasonable
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surface areas (above™1®2 g*) (Appelo and Postma, 2005; Liu et al., 2008; Liikiehen et al.,
2011; Marsac et al.,, 2011, 2014; Catrouillet ef 2014). Hence, we suggest the use of the
constant capacitance model (CCM) might be a betteice (Catrouillet et al., 2015). For the
CCM, the capacitance {Cin F m?) evolves with log in the case of minerals (Liitzenkirchen,
1999), and a lodr-term is also found in the empirical electrostatiodel in Model VIl (eq. 12).
Specifically, the CCM employs a linear relationshgiween the charge density at the surfage (
in C m?) and the surface potentia¥{, in V):

0y =Cy X W¥,. (13)
Combination of equations 12 and 13 gives:

C, = F? X (2RTPAy,log())™1. (14)
Therefore, using the CCM leads to an expressiorCfdhat does not depend on the pH. Given
the surface area of HA in Model VII (A = 1500 m? §), the range of Cvalues found fot < 1

m corresponds to that commonly reported for mine(@ls < G < 10 F n¥; Litzenkirchen,
1999). Although the CCM is not implemented in PHREE it can be used by applying
appropriate corrections to the three plane mod@&MJ in PHREEQC. Details are given in

supporting information.

3. Results and Discussion

3.1. Proton titration in saline solutions

Although proton titrations of HA are rarely carriedt forl > 1 m, a number of critical
studies do exist. Kurk and Choppin (2000) and Lasmad Choppin (2001) performed proton
titrations of HA atl = 0.1, 0.3, 1, 3 and & (NaCl), and calculated apparent dissociation
constants (pK for HA considering two acidic groups. They foutitat pk; variation was

insignificant (£0.1) within this range of ionic etrigths. Marinsky et al. (1982) reported similar
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observations for ionic strength between 0.2 and R&ANO;. Furthermore, the charging curves
for HA versus the pH reported by Maes et al. (1992) exhibited onlyHlidifferences between 1
and 3 M NaClQ@. Van Dijk (1959) observed a shift in the titratioarves to lower “pH” for
increasing from 0.02 to 2 M NaCl but mentioned mt-qorrection. This effect is qualitatively
consistent with the increased deviation betweeggbHn with increasing (pHexp < pHy) that is
commonly observed (e.g., Kurk and Choppin, 2000maler et al., 2003). The surface of
biological cells, such as the seawéé#da lattucg can be considered as a polyelectrolyte, and the
cation sorption properties ontd. lattuca can be treated with the models applied to HA (e.qg.
Turner et al., 2008). Surface acid-base propeofiesich biosorbents show very little influence of
| above Im (e.g. Rey-Castro et al., 2003; Schijf and EbI2@10).

The apparent pKof one HA site at a given ionic strength @i, which is obtained
experimentally, can be written as follows:

[H¥][HA™]

pKa(I) = —lOg [HHA]

= pK,(I =0) + log (yy+) — F¥/(RTIn(10)) (15)

According to eq. 15, the observed small dependafceonditional HA proton dissociation
constants ot for highly saline conditiond ¢& 1 m) might occur (i) due to small dependencies of
both ¥ andyy+on| or (ii) compensation of the effects lobn ¥ andy,+. Figure 1a compares the
effect ofl on ¥, (for Model VII) and¥%p (for NICA-Donnan) at constant proton activity (pH
5.5). As stated by Tipping (1998), Model VI is Weliy to find application at ionic strengths
higher tharl = 1 m, because of the electrostatic model (the sanraasfor Model VII). When the
electrostatic term is translated to the CCM forsrali(e.g., to be used in PHREEQC; eq. 14), and
for the case whehincreases to in, C; tends to infinity and the model becomes essentrah-

electrostatic ¥, = 0). Whenl > 1 m, C; is negative, which is physically unrealistic,
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demonstrating that Model VII cannot be used withREEEQC whenl > 1 m (except by
suppressing the electrostatic term), consisterit thié conclusion of Tipping (1998).

Benedetti et al. (1996) previously demonstrated ¢hpability of NICA-Donnan to
simulate HA charging curves versus pH in highlyreakonditions (up to 2 M). In this cagg
increases with and only small variation i, can be seen fdr> 1 m (Fig. 1a). The NICA-
Donnan model’'s inherent electrostatic contribution cation-HA binding is approximately
constant (-60 m\kK ¥ < -40 mV) forl > 1 m, and only a small dependence of apparent pK
values (i.e., corrected for the activity coeffidiezifect) on?p is predicted. This is because the
Donnan volume is small for > 1 m and only slightly shrinks wheh further increases.
Interestingly, the amplitude of the variation ¥ is similar for both models when using the
generic parameter®p =~ ¥ — 60 mV forl < 1 mand pH = 5.5, as highlighted in Figure 1la.
Therefore, by suppressing the electrostatics in éladl for | > 1 m, we produce a comparable
effect ofl on cation-HA binding constants as in NICA-Donn&his leads to a simplification of
Model VIl equations compared to lower

Figure 1b shows the change logy,+versus!l between 0.1 and 4n for different
background electrolyte solutions (i.e., NajN®laCl, and NaClg) computed according to the
SIT equation, where(H",NOs) = 0.07 + 0.07 for NaNg) ¢(H*,CI") = 0.12 + 0.01 for NaCl, and
e(H",ClOy) = 0.14 + 0.03 for NaCl@electrolytes. The maximum variationlg(y,+) between
1 and 4m, as calculated with SIT, is approximately 0.16NaNG;, 0.31 in NaCl and 0.37 in
NaClQ,, corresponding to a small dependence of the gestlmpparent pKvalues orog(yy+).
The slight variation in both” andy,+for 1 <1 < 4 m is consistent with the experimental
observations showing little dependence of appap&atwith | under highly saline conditions
(Marinsky et al., 1982; Maes et al., 1992; Kurk &fibppin, 2000). Note that the valueygf:

has no direct impact on NICA-Donnan results, beeacsncentrations are involved in the
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equations, and cannot compensate the effeckonf?p. Therefore, a slight decrease in (K
values is predicted with the NICA-Donnan Model whemcreases.

To illustrate how PHREEQC-Model VIl reproduces abake titration data for | > 1 m,
Figure 1c shows HA charge versusphh 0.1, 1 and 3 M (0.1, 1.051, 3.503 m) NaglO
determined by Maes et al. (1992), together withultesSrom Model VII. Experimental data of
Marinsky et al. (1982) (in NaN§p and Laszak and Choppin (2001) (in NaCl) with Modd
simulations are shown in Figure S4. For a bettastilation, slight adjustment of site densities
and pk; values was made (see table S1), in order to hefpeoduce experimental data for 0.1
M, and predictions are made for higheHA charge increases betwelen 0.1 and 1 M, which is
well predicted. Betweeh= 1 and 3 M, experimental HA charge decreasealsaspredicted by
Model VII. This charge decrease is actually rela@dhe use of a pkiscale: with a pH-scale
(see Fig. S3), Model VIl simulations for= 1 and 3 M cannot be differentiated (due to the
suppression of the electrostatic term), and thierdihce between the two experimental curves is
smaller. Beside small discrepancies between expetahand model results, it can be concluded

that Model VIl does a relatively good job in preithg HA charging curves in saline conditions.

20



20 4 - 40
(a) ———
0 4 _ 60 %
g g
E 20 - - 80 O
= -
; N
> 40 - L .100 &
= c
= 5
< 60 ——Model VII - -120 QA
B8 — -NICA-Donnan 5
= 80 - 140 =2
=z
-100 : - ' -160
0 1 2 3 4
I (M)
03 7 (b) N

|Og TH+

‘0.2 T T T 1

T (o) 8

¢ 0.1 M (exp)
e 1M (exp)
A 3 M (exp)
—0.1 M (Model VII)
—1 M (Model VII)
—3 M (Model VII)

2 3 4 5 6 7 8 9 10
414 PHm

Charge (eq kgHA?)
o = N w H wv (o)} ~ (o]

415 Figure 1. (a) Surface potentialfp) and Donnan potential’p) calculated for Model VII and
416 NICA-Donnan, respectively, for pH (= - lag,+) = 5.5 versus the ionic strength. The y-axis for
417 ?p is shifted by 60 mV compared with the onefgfto highlight their similar evolution with
418 (b) Activity coefficient of the protonl¢g y,+) versud in NaCl, NaClQ and NaNQ@ solutions,
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calculated with SIT. (c) HA charge versusypid 0.1 M (black curve), 1 M (blue curve), and 3
M (red curve) [0.1, 1.051, 3.503 m, respectivelgO,. Points are experimental results of
Maes et al. (1992) and lines are results from M&tel(For interpretation to references to color,

the reader is referred to the web version of tHisla.)

3.2. Anticipated effects of high ionic strengths ometal ion-HA binding
As for the proton, apparent metal ion complexationstants with one HA site at a given
ionic strength (log K(I); data that can be obtaieggerimentally) can be calculated as follows:

[MHAZ*]
[MZi+][HA*"]

log B8 (I) = log
= log "B (I = 0) + log (yp=+) — z:F¥/(RTIn(10)) (16)
The termz;F¥ /(RTIn(10)) leads to substantial Id§'p(1) variations forl < 1 m. The amplitude
of log "*B(l) variations should increase with increasing miia charge z It should also vary
with ¥, and hence with the HA charge, Q. Therefore, we espect that larger lo§"p(l)
variations would be observed at high pH and lowahletading compared to low pH and high
metal loading. These three anticipated effectgparely related to HA physico-chemical behavior,
which are predicted by Model VII and NICA-Donnaruatjons and parameters.

Other effects can be anticipated, which are niatted to HA behavior but to physico-
chemical phenomena in solution. As for the protgp,+varies with the ionic strength and the
nature of background electrolytes (eq.1), which ladirectly affect log™p(l) in eg.16. In the
presence of complexing ligands other than HA (eid;, CO:*, CI, acetate, etc), conditional
metal-ligand complexation constants will also eeolvith ionic strength, which would affect
ay(eq.4). Therefore, we can expect that (i) the presef ligands will affect trends in 10'p

versusl whatever the mathematical expression used fof'f@g(see section 2.2) is, and (ii) M-

HA complexation constants referring to the totaisdived metal ion concentratidif'p(M)) and
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to the aquo-iont*B(M*")) might diverge when varyingy For instance, if all conditional metal-

ligand complexation constants increase with indrepd, "

B(M) will decrease, whereas
HAB(M*) will increase becausey,increases with increasirigPrediction of ionic strength effects
ony,z+and metal-ligand complexation constants pertahédhermodynamic database used for
aqueous solution (thermodynamic constants and &f&npeters). Therefore, in the presence of
ligands other than HA, it is more difficult to tefte applicability of Model VII and NICA-
Donnan in saline solutions because ionic strenffitts on metal-ligand complexation must be
discussed in parallel. In particular, experimemtsducted in NaCl solutions are affected by M-Cl
complexation, which increases with increasing][Gind consequently, the conditional M-ClI
complexation constants also evolve withror this reason, metal ion-HA binding data meadur

in NaCIQ, are initially discussed below (i.e., section 3f8)lowed by data collected in NaCl

background electrolyte solutions (section 3.4).

3.3. Cation-HA complexation in NaClQ solutions

Am(II/Cm(lI). Czerwinski et al. (1996) investigated Ahrand Cni* complexation
with HA at pH, = 6 and in variou$ (NaCIlQ, electrolyte solution). Because (i) most of theadat
are available for Arff and (i) Ant* and Cni* are generally considered as chemical analogues,
they will not be distinguished and we will only eeto An?* for both datasets in this section. The
authors interpreted the data according to the CNMly those datasets that allow the
determination of theLC (i.e., for1 = 0.01, 0.1, 1.05 and 3.8) and that are within the
applicability of SIT ( < 4 m) are considered in the present study. The origanéthors provided
the complete raw dataset, which are not reprodueeein. The data are plotted in the form of a
binding isotherm, [AmHA] (in mol kga™) versus [Am (in pm), for eachl on Figure 2a. Note

that the experimental data for [Ag} > 8 um which are only available for 0.1 and 3mbare not
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shown for clarity. In addition, the two separateiese of experiments ih = 0.01, 0.1 and In
cannot be visually distinguished on Figure 2a.tAd isotherms exhibit a plateau at ~1 malXg

! However, a linear decrease of th@ was observed witk/T. Forl < 1m, log " B.c was shown

to decrease, whereas it increasedl forl m, although in all cases the maximum variation ig lo
"AB.c is relatively small. Accordingly, the original &ats reported an average value of log
"ABLc = 6.24 + 0.14. Below, we test the capabilitiesvisfdel VII and NICA-Donnan to predict
the effect of the ionic strength on 1898, c andLC for data from Czerwinski et al. (1996). To do
so, simulations are made with Model VIl and NICA#iD@n under the same conditions as those
studied by Czerwinski et al. (1996). The model itissare then treated using the equations of the
CNM.

The results of the simulations with Model VII arBosin on Figure 2a, where the
measured and simulated Am-HA binding isotherms Yarious | are compared. Some
discrepancies (either underestimation or overesiimaf the model) are observed, which we
attribute to the use of generic Model VII paramgtand will not be further discussed. As
observed experimentally, Model VII predicts deciegAm-HA complexation with increasing
from 0.01 to Im. However, unlike the experimental results, Am-H#nplexation is predicted to
increase as ionic strength increases from tb 3.5m NaClQ,. Because Model VIl is used as a
non-electrostatic modely = 0) forl > 1 m, the discrepancy between the experimental alada
the model results can best be explained by chaingé®e activity coefficient of Arff, which
increases between 1 and 315 NaClQ, according to SIT (Am*",ClO;) = 0.49 kg mof;

Guillaumont et al., 2003), as anticipated in eaqud aq.16.
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Figure 2. (a) Experimental Am-HA binding isotherms of Czamgki et al. (1996) for pH= 6
andmygcio,= 0.01, 0.1, 1 and 3.5 m (symbols) compared withutations using Model VI
(lines). Experimental (b) 104*BLc and (c) loading capacity.C) values for Am compared with
Model VII and NICA-Donnan predictions versufNaClQy) in the experimental conditions of

Czerwinski et al. (1996). Experimental error baesgenerally smaller than the symbols.
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Although Model VII accounts for HA heterogeneityen a limited range of [Amg, the
model Am-HA isotherm can be approximated by a Lamigitype isotherm. With this
approximation, simulations of Am-HA binding with Mel VIl are treated according to the CNM
equations (given in detail in Czerwinski et al.96Pto determiné”B.c andLC. The results are
plotted, respectively, on Figure 2b and 2c. Wittlie CNM formalism, Model VII consistently
predicts a decrease of bdtle and"*B.c with increasing from 0.01 and Im. The increasing
activity of Am*®* between 1 and 315 NaClQ, leads to an apparent increase of Hathand™B,c.
Overall, the effect of predicted by Model VIl is consistent with the expeental observations
although the variations ihC and ""B.c values are larger, as already pointed out. Theesam
exercise with NICA-Donnan yieldsC and"B,c that are also shown in Fig. 2b,c. Although
and"B.c values obtained with NICA-Donnan are lower anchkigthan the experimental values,
respectively, the effect dfis generally well predicted. Unlike Model VII, NKCDonnan predicts
decreasing Am-HA complexation between 1 and i8.5laClQ, because the changeyp,,s+
cannot compensate for the increase Wip with increasingl, according to NICA-Donnan
equations (i.e. based on Ahtoncentrations).

Pu(lV). A further example that can be analyzed in the ggrtesontext is the study by
Szabd et al. (2010) on Pu(lV) complexation to a gtafted silica gel (HA = 20 mg'y at pH = 4
and 0.02 <l < 3.5 m (NaClQ)). To our knowledge, no Pu(IV)-HA binding paramstere
available for NICA-Donnan, and hence, only Modell ¥ban be discussed. The Pu(lV)-HA
binding parameters for Model VIl are taken from B&g et al. (2014). Preliminary calculations
showed that the formation of polynuclear Pu(lV)gese in the presence of HA (Marsac et al.,
2014) is not expected for the experimental cond#istudied by Szabo et al. (2010). Marsac et al.

(2014) used a DLM to account for electrostatic @favhen coupling PHREEQC and Model VII,
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but the surface area of HA was adjusted to obtsults similar to the original version of Model
VII. Here, the same results are obtained when u$iagCCM to account for electrostatic effects.
A modeling approach similar to that used for Amapgplied to Pu (Fig. 3). Simulations were
performed with Model VII for conditions comparaltethose studied by Szabo et al. (2010). The
simulated Pu-HA binding isotherms for each ionrelsgth are treated according to the equations
given in the latter study to determine the maxitmalding capacity of the HA grafted silica gel
for Pu (Bnay and log™(Pu™). The calculations include the side reaction doiedfit for Pu(IV)
(i.e., eq. 4), and the Pu(lV) hydrolysis constaatsl SIT parameters employed by Szabo et al.
(2010), which were originally obtained from Guiltaant et al. (2003). It is important to note that
Pu(IV) exhibits strong hydrolysis and that, at pH =, Vvaries withl because of ionic strength
effects on conditional Pu(IV) hydrolysis constants.

Simulations with Model VIl are compared to the expental results of Szabo et al.
(2010) in Figure 3. The experimental,8 decreases with increasirigup tol = 0.5 m and
thereafter remains nearly constant up t03.5m. Model VII predicts little variation in Baxwith
ionic strength (i.e., predicted. 8 ranges between 0.52-0.59 pmd),gn contrast to variation of
the experimental results (0.16-1.57 umd),gand to the modeled Ly variations. Differences
between modeling results for Afnand P{" likely arise either from the different metal loags
investigated ([Am(l1)-HA]< 1 and [Pu(IV)-HA]< 3x10% mol kgHA™), which has an impact on
HA charge, because Puand Ant* show different hydrolysis behavior, or because ¢tafted
silica gel behaves differently than dissolved HAedently, we cannot explain the discrepancies
between experimental and model results fot" PNevertheless, the predicted variation if.B
falls within the experimental range reported bylfrat al. (2010) so that the impact on the
prediction of overall Pti-HA binding is limited. Experimental and simulatéag "*p(Pu*)

values are also shown in Figure 3. Generally gapdeanent is found between the experimental
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and predicted lo§*p(Pu*") values (Fig. 3), i.e., a decrease up to1 m followed by an increase
up to 3.5m. The differences are about +0.5 log units fordtability constant. Fo¥, = 0 (i.e., for

| > 1 m), the increase in 10§ B(Pu*") between = 1 and 3.5nis due taxp,, Which increases by
0.84 log units over this range bét pH = 4. Indeed, according to the SIT model*{Pdecreases

with increasingl because of the formation of its hydrolysis produgts. the):, m—fh term
Ht

increases in eq. 4). This phenomenon is not obdemith Am®* because its hydrolysis can be

neglected at pH = 6 and Ol< 4 m.
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—e—Model VII - 1.5

- 1.0

14

Brmax (Mmol g*)

——— L 05

2
I (m)

Figure 3. Experimental binding capacity (B8) and log™*p(Pu**) values of Szabo et al. (2010)
versud (NaClQy) compared with Model VII predictions. Arrows reterthe y-axis
corresponding to the data. Experimental error fiarB.x are generally smaller than the

symbols.
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3.4. Cation-HA complexation in NaCl solutions

In a number of laboratory studies, Choppin and ocokers (Labonne-Wall et al., 1999;
Kurk and Choppin, 2000; Laszak and Choppin, 200&]l\&t al., 2002) investigated "lD,*",
Co?*, Ni**, c&* and Ani* complexation with HA inmy,; solutions by solvent extraction
methods in ambient (air) atmosphere. A summaryhef éxperimental conditions is given in
Table 1. Only data within the applicability of S{T< 4 m) are considered in the present study.
Although CI is clearly a more relevant background anion th#d,Cn the environment, the
interpretation of M-HA complexation data obtainent highmy,c; are more difficult because,
unlike CIQy, CI' is a complexing anion, albeit, a weak one. In @oldj the Am- and U(VI)-HA
experiments were carried out in the presence df M&cetate buffer. Acetate is known to bind
to metal ions and must therefore be taken into wtcm the calculations (Labonne-Wall et al.,
1999; Wall et al., 2002). Finally, unlike the otheations, for plH, = 5 under ambient (air)
atmosphere, U®" hydrolysis and complexation by carbonate anionsnoa be neglected
(Langmuir, 1978; Labonne-Wall et al., 1999). Theref M-HA complexation datasets obtained
for highmy,; are less suitable for testing the applicabilityN\dCA-Donnan and Model VII than
experiments conducted in a more inert backgrouedtrelyte such as NaClOIndeed, it was
found that the modeling results discussed belowngty depend on the thermodynamic
databases in solution and their respective capiabilio accurately handle the speciation ofAm

UO,%*, Ni?*, C&* and C4&' in saline solutions, even in the absence of HA.
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577 Table 1. Summary of the experimental conditions for the M-Ebmplexation experiments of
578 Wall et al. (2002) (Ari), Labonne-Wall et al. (1999) (U8), Kurk and Choppin (2000) (€b
579 and Nf") and Laszak and Choppin (2001) {Qa

[M] (mol L™ [HA] (mg L™ myge (M) pH pH buffer
Am** 1x10° 1-10 0.1-6 5.1 (ph) 10% M acetate
UO,>*  5.2410° 2-10 0.1-6 4.9 (pk) 10% M acetate
Ni2* 1x10° 2x10° - 1.6x10° 0.3-5 6.0 (pky) No
co* 1x10%° 1.%10%-2.2x10"  0.3-5 6.0 (pky) No
ca’ 1x10°® 0 - 500 01-3  45-9.5 (pbl No
580
581
582 The reported M-HA complexation constants pertainthte PM (Labonne-Wall et al.,

583 1999; Kurk and Choppin, 2000; Laszak and Choppd®12 Wall et al., 2002). For the studies
584 listed in Table 1qy, values were determined for each pH &fidm HA proton titrations for the
585 specific metal ion-HA complexation studies. BecaN$€A-Donnan and Model VIl are able to
586 describe M-HA complexation as a function of the pH,s more convenient to compare
587 experimental constants that have not been corrdotag,,. This can be easily accomplished
588 because all of these studies focused on low meddirhgs, where [MHA] can be neglected in eq.
589 6 (i.e., [HA} = [HA]wt X ay4). Note that the carboxylic groups of HA were coesed
590 responsible for M-HA complexation and only theseugrs were considered in the calculation of
591 [HA]wt (eg. 5-6) (Labonne-Wall et al., 1999; Laszak artbgipin, 2001; Wall et al., 2002).
592 Labonne-Wall et al. (1999) and Wall et al. (2002ported 1:1 and 1:2 US/Am®*-HA
593 complexation constants. Because, the constants simavar variation withl, either for UQ?* or
594 Am*', the 1:2 complexes are not discussed here arsirtheations are made for the lowest [HA]
595 investigated experimentally (i.e., where the 1:fptex prevails).

596 Am(IIl). Wall et al. (2002) investigated the effect of Na@l Am-HA complexation for

597 pHn = 5.1 in 0.01 M acetate buffer. Although constawesre corrected for effects of side
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598 reactions, such as the formation of Aracetate complexes (eq. 4), Am-Cl| complexation mats
599 taken into account by the original authors. Sidgctien corrections for the formation of Afn
600 acetate complexes employed stability constantstegpdy Moore et al. (1999).

601 Our simulations using Model VIl and NICA-Donnan &oe the lowest HA concentration
602 ([HA] = 1 mg LY. Preliminary calculations showed that Am-Cl| anth-Acetate complexation
603 have no more than a minor impact on the trend“iK(Am>*) versusl. Experimental and
604 simulated results (now accounting for Am-Cl complion) are compared on Figure S5. Good
605 prediction of Ani*-HA binding is obtained by both models using gen@arameters for = 0.1
606 m, where experimental uncertainty is relativelygir whereas data for all othér are
607 overestimated (see Fig. S5). To better compare rempetal and simulated effects éfon
608 ™K(Am®"), model results were decreased by 1.5 log unkigore 4a. In fact, the adjustment of
609 Am-HA binding parameters would produce the samelt@sWhen using the generic Am-HA
610 binding parameters, both models produce similanltgsespecially for the evolution of log K
611 with I, as would be expected from the similar variatibr¥pand ¥ p with | (Fig. 1a). Although
612 model log"*K(Am®*") values variations with are not as pronounced as experimental ones, the
613 trend is consistent. Nearly constant [§K(Am®") values are predicted fdr> 1 m by both
614 approaches, which agrees relatively well with tkpesimental results. Unlike Model VII (where
615 ¥, =0 forl > 1m), NICA-Donnan predicts a slight decreasé 0k(Am>*) for | > 1 m. This is
616 related to the evolution &y with I, and the fact that NICA-Donnan equations do nobant for
617 y,,3+. Overall, the deviation between both models islsraa expected (Fig. 1a), showing that,
618 by accounting for electrostatic effects, resultsnfr Model VII and NICA-Donnan can be
619 extrapolated to highly saline conditions, providdtht the specific binding parameters are

620 calibrated for the respective type of HA.
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U(VI). Labonne-Wall et al. (1999) investigated the eft&#dt on U(VI)-HA complexation
for pHm = 4.9 and 0.01 M acetate. WOacetate complexation constants were taken fromr#oo
et al. (1999) and are also presently used. We atediithe experimental data of Labonne-Wall et
al. (1999) using Model VII and NICA-Donnan for tlmvest HA concentration ([HA] =2 mg'L
) and the generic U(VI)-HA binding parameters. As Am, preliminary tests showed that
inclusion or omission of UG*-Cl complexation did not impact the trendftK(UO,**) versudl.
Experimental and simulated results are comparedFmure 4a. The generic U(VI)-HA
parameters produce accurate predictions of'thgUO,?") measured by Labonne-Wall et al.
(1999) as well as the evolution 'fK(UO,?") with | up to 2m. At | = 3 m, a highef*K(U0O,*")
value than at = 2mwas measured, which is also predicted by Model Al in the case of Bl
where the apparent hydrolysis constants increase mg,co, above 1 m, this increase in
HAK(UO,?) is driven byay . Similar conclusions can be made with NICA-Donnexcept a
smaller re-increase iff'K(UO,**) that was observed with increasihgs seen and explained for
Am*'. Interestingly, in agreement with the experimertata, Model VII and NICA-Donnan
predict a more pronounced decreasE ii(Am>*) than for"*K(UO,?") whenl increases from 0
to 1 m. This feature is driven by the Boltzman factor. (@) which involves the net charge of the

cation (i.e. +3 versus +2, respectively) for Am)(Bhd U(VI).

32



639

640
641
642
643
644
645

646

647

648

649

650

651

652

124 ® Am (Wall et al., 2002) (a)
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Figure 4. (a) Apparent Am-HA and U(VI)-HA complexation constaf®all et al., 2002;
Labonne-Wall et al., 1999) versugNacCl) for pH, = 5.1 and 4.9, respectively. (b) Apparent M-
HA complexation constants (M = Nior C&*, Kurk and Choppin, 2000) versugNacCl) for
PHexp = 6. For both figures, lines are predictions byddoVIl (full line) and NICA-Donnan
(dashed lines) using the generic parameters (bitédldown for the case of Am-HA, see text for

details). Experimental error bars are commonly fan#han the symbols.

Co(ID/Ni(Il).  Kurk and Choppin (2000) investigated the effect @n Co- and Ni-HA
complexation. Unlike Am and U(VI), with data obtathfor constant pid Co and Ni data are
reported for constant pkh = 6 by Kurk and Choppin (2000), noting that theidgon between
PHexp and pH, increases with increasirig For example, for pk, = 6 andl = 4 m, and with the
calibration provided by the original authors, tleeresponding pH value is 6.95. The originally

reported constants were not corrected for sideticresc Again, our simulations using Model VII
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653 and NICA-Donnan were conducted using the lowest ¢dAcentrations reported by Kurk and
654 Choppin (i.e., [HA] = 1.3x18mg L™ for Co; [HA] = 2x10° mg L* for Ni).

655 Experimental and simulated results are compareHigure 4b. With the generic Co/Ni-
656 HA parameters, Model VII overestimates Co/Ni-HA qdexation by 1 log unit in the worst case
657 (i.e., for™K(Ni) at | = 3m). Model VII consistently predicts a decreasé”K with | increasing
658 from 0.3 to 1m, whereas fot > 1 m, the predicted*K for Co and Ni diverge. Although p
659 increases by 0.6 units (for constanteg}Hbetweenl = 1 and 3m, PAK(Ni) remains almost
660 constant, whered&'K(Co) decreases by 0.2 log units. These variatieflect the complexation
661 of both of these transition metals by  Gh solution. In the SIT database provided with
662 PHREEQC, only the NiClspecies is included, with(NiCI*;CI) = 0.1, whereas four Co-Cl
663 complexes are considered (i.e., from Co®l CoCk?), all without SIT parameters (i.e(i;k) =
664 0). In the SIT database provided with Visual MINTEQo- and Ni-Cl complexation are
665 described similarly and NICA-Donnan predicts theearend ifK(Ni) and "K(Co) versud.
666 The reliability of the thermodynamic aqueous dasaekas beyond the scope of the present paper.
667 Nonetheless, despite the potential uncertaintieherdatabases, overall, the predicted effedt of
668 s relatively small above th for both Ni and Co, in agreement with the expernitakresults.

669 Ca(ll). Figure 5 show§“K(Ca’") measured by Laszak and Choppin (2001)g,c; =
670 0.1, 1 and 3nat various pl under ambient atmosphere. The originally repocttstants were
671 corrected for side reactions (including Ca comptiexato chloride and carbonate). Simulations
672 are made with Model VII and NICA-Donnan for 100 rhg HA using the generic Ca-HA
673 binding parameters and compared to experimentdlt&gCa’") versus ph, for | = 0.1 and 3n
674 (NaCl) in Figure 5. Simulations with Model VIl fér= 1 m do not significantly differ from = 3
675 mand consequently are not shown. Experiment&flg(Ca®") increases with pHand decreases

676 with increasingl, as for the other cations investigated. Both Modgl (Fig. 5a) and NICA-
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Donnan do a relatively good job at predicting thesads, although the measured effect of
weaker between 0.1 andm, and log™K(Ca®*) are not predicted to evolve substantially for
between 1 and 3n with Model VII. Interestingly, the measured effeat | appears more
pronounced for pH = 9 than for pH, =~ 6.5, which is indeed predicted by both models as
anticipated (eq.16). According to the models, thegér negative charge of HAQ(being
proportional to¥?, or ¥p) at high pH is responsible for the larger ioniesgth dependence of
HAK (Cca™).

To summarize, beside the deviations between expetathand simulated results that are
directly related to the parameterization of RHIO,*"/Cc?*/Ni?**/C&*-HA complexation for a
specific type of HA, the generally observed [6tK(M?") dependence with is relatively well
predicted at low metal ion concentration by simplyppressing the electrostatic term in Model
VIl for 1 > 1 m. The NICA-Donnan model shows very similar resulithout the need to modify
the model. More experimental results are requinegever, to parameterize these models at high
| and to test the relevance of additional correstianhighl to explain the noted discrepancies,
which would make the models more complex. More gigally, complexation studies in non-
complexing background electrolyte (e.g., Nag}l@h the absence of pH-buffer (e.g., without

acetate) and under inert atmosphere (i.e., inltberace of carbonate) are recommended.
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Figure 5. Experimental apparent €aHA complexation constants versuspfér | = 0.1, 1 and
3 m NaCl (Laszak and Choppin, 2001) compared vaijiModel VII (simulated curves for= 1
and 3 m NaCl overlap) and (b) NICA-Donnan preditcsioExperimental error bars are commonly

smaller than the symbols on all three figures.

3.5. Metal ion-HA complexation using SIT

To apply simple models such as the PM or the CNMatgous ionic strength solutions,
they must include the activities of the agueougigge According to equations 1 and 3, when all
physico-chemical conditions are kept constant exicgpH, T, total metal ion concentration), the
value of logp (i.e. log™*K, log "B, or log"*B.c) can be extrapolated to= 0 (logBo) using:
logB =logfy— Az*> X D — Ae X I. (17)
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For 1:1 complexes between a metal iorf)(hd a simple ligand {l, Ac = e(MLY"* k) - &(M?K) -
&(LY,k), andAz2 = (z+yf — Z — y*. Due to the complexity of HAAz2 andAe become adjustable
parameters of unclear physical meaning (Czerwieshl., 1996; Szabo et al., 2010).

Comparing Fig. 2b and Fig. 4a, the effect @in Am-HA complexation appears to differ
between the studies of Wall et al. (2002) and Cireski et al. (1996), but it is difficult to diregtl
compare the original datasets because: (i) thentbedynamic constants refer to different models;
(i) pHm differs by one unit; and (iii) the metal loadindfers by 3 orders of magnitude. As in
Figure 4a for the l0§”K values reported by Wall et al. (2002), [3tB.c values determined by
Czerwinski et al. (1996) are recalculated to 0¥ values using th& C values and imposing
negligible [AmHA] in eq. 8. The results are shownkigure 6a. Although Wall et al. (2002)
studied Am-HA complexation at one pHinit lower than Czerwinski et al. (1996), theig [§'K
values are higher. This can be attributed to tlecebf the metal loading. Specifically, at low
loading, Am binds to low abundance, strong HA sitesereas, at high loading, these sites are
saturated and Am mainly binds to the more abundesaker HA sites (e.g., see Marsac et al.,
2010). The effect of below 1mis more pronounced for the dataset of Wall e{2002), which
would lead to different SIT parameterdzf andAg) in eq. 17. Therefore, it is difficult to
confidently apply an ionic strength correction fmation-HA binding constants using simple
metal ion-HA binding models.

The different ionic strength effects observed byllWaal. (2002) and Czerwinski et al.
(1996) might also arise from differences in metading. As pointed out by Hummel et al.
(2000), ionic strength effects tend to vanish ghHbadings. To illustrate this, I0§'K values for
Am-HA complexation are calculated using both Modeland NICA-Donnan for pH = 5.5, 1D

<1 <4m(NaCl), 1 mg [* HA, and [Am]e; = 10° or 10° m. The results are normalized to the log
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728 ™K value obtained fot = 1 m (i.e. log™K(l) — log"*K(l = 1 m)) and plotted versusin Figure

729  6b. Both models indeed predict a more pronounciettedf! on log™K at low loading.

12 1 e Wall et al. (2002) (a)
119 m Czerwinski et al. (1996)
10 +
x 97
<
I gl@®
o
S 5 ]
o
6 o °
4 T T T 1
0 1 2 3 4
I (m)
25 —Model VII (low loading)
E - — = Model VII (high loading) (b)
N ——NICA-Donnan (low loading)
T 15 — = NICA-Donnan (high loading)
£
(@)
o
X
£
(@)
o

730

731 Figure 6. (a) Experimentally observed effect of the ioniesgth on Am-HA complexation at
732  low (Wall et al., 2002; pH = 5.1; NaCl) and high metal loading (Czerwinskakt 1996; pH, =
733  6; NaClQ). (b) Simulated effect of the ionic strength on AtA complexation at low ([Am{: =
734 10° m) and high metal loading ([Arg]= 10° m) with Model VII (black curves) and NICA-

735 Donnan (blue curves) in NaCl for a HA concentratiéd mg L* and pH = 5.5. (For

736 interpretation to references to color, the reasleeferred to the web version of this article.)
737

738 The effect of| on cation-HA complexation is commonly discussed teamms of

739 conformational changes, which make the physicalmmggeof the values of SIT parameters in the
740 case of humic materials questionable. Multivalemtsi are known to bridge between organic
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741 molecules (Kunhi Mouvenchery et al., 2012), anchhegncentrations of trivalent actinides lead
742  to the aggregation of HA (Lippold et al., 2005).ride, the different evolution of I6§'K with |
743 observed by Wall et al. (2002) and Czerwinski et(8996) may be partially attributed to the
744 aggregation state (or the conformation) of HA isp@nse to different [Am] to [HA] ratios. In
745 Model VII, conformational changes of HA in resposevariations of are not explicitly treated,
746 except via a change in Donnan volume, which we fmdave a negligible effect on M-HA
747 complexation in saline solutions. Because the chgrdpehavior of HA is related to its
748 conformation, such behavior can implicitly be taket® account within the electrostatic term. In
749 NICA-Donnan, the ionic strength directly affect® tBonnan volume. However, none of these
750 models includes effects of conformational changeslAd when [Am], increases (e.g., in the
751 case of NICA-Donnan, 10m of Am would not affect the Donnan volume), by gast with the
752 more recent Elastic Polyelectrolyte Network elestatic model (Montenegro et al., 2014).
753 Instead, NICA-Donnan and Model VII explain the lgg®nounced effect of at increased
754 loading via the charging behavior of HA. In the esments of Czerwinski et al. (1996), the
755 observed.C ranges between 50 and 70% of the PEC. The chaigé o almost neutralized by
756 Am at the highest [Am}investigated, which decreases electrostatic effactsflattens the log
757 ™K versus| curve. Therefore, metal loading is an importantapgter not only for the
758 determination of apparent metal ion-HA complexatamstants for given pH arldconditions,
759 but also for their extrapolation to various ionieeagths (e.g., with SIT).

760 Unlike Na, with non-specific HA interaction, Ca aktlj bind more strongly to HA, and
761 consequently may affect the charge of HA in brifegthermore, other metal ions (e.g. Fe(lll),
762  Al(IN), divalent transition metals) strongly birntd HA in natural conditions (Kinniburgh et al.,
763 1999; Pinheiro et al., 2000; Tipping et al., 20@®stafsson et al., 2007; Marsac et al., 2012;

764 2013). Hence, the metal loading must be definedthenbasis of all cations bound to HA,
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including H'. Additional cation competition studies should baducted at high to improve and
homogenize metal ion-HA binding models. As an eXamin NICA-Donnan C& mainly
interacts electrostatically with HA at high [€R (Christl, 2012) whereas it chiefly binds
specifically to HA in Model VII. As shown in Figur®6, Model VIl predicts larger effects from
[Ca] on Am-HA complexation than does NICA-Donnaor BH = 5, 1 m NaCl, [Am] = 1&m
and 1 mg [* HA, between 0 and 1 m CaCModel VIl predicts a decrease ‘6tK(Am) by 1.5
log units against 0.9 using NICA-Donnan. Theseltesughlight another source of variation and
uncertainty forAz2 andAe at high [Ca]. Because it is also suggested th4t-BA interaction is
purely electrostatic (van Leeuwen and Town, 2008f;-metal ion competition experiments at
high| are required to unravel the role of Ca on metalti?\ complexation.

As shown above, the ionic strength dependenc€KfCa’") becomes more pronounced
at high pH because of the higher charge of HA.pltemrs than\z2 andAe, when applied to
simple models for M-HA complexation, remain conalil parameters, which depend on the pH,
the ionic strength, and the composition of the tsot which in turn affects the loading of HA.
Therefore, empirical determination &z? and Ae for various conditions requires a large
experimental dataset. Because most metal ion-HAilgndata at > 1 m were obtained at pH<
6, data at higher pH would be necessary to futtdstrthe reliability of NICA-Donnan and Model
VII.

More generally, the use of non-electrostatic models recently shown to be particularly
suitable for the prediction of metal ion sorpti@anvarious types of surfaces in brines, including
marine microalgae (Schjif and Herbling, 2010; Zafid Schjif, 2012), bacteria (Ams et al.,
2013), illite and smectite (Schnurr et al., 20IB)e present data evaluation suggests that this

approach can be extended to humic substances Maugl VII. Although NICA-Donnan
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788 remains an electrostatic model in highly salinausoh, the almost invariant Donnan potential

789 produces similar ionic strength effects to thosseobed using Model VII.
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790 4. Conclusions

791 The applicability of Model VII and NICA-Donnan wassted at high 1:1 background
792 electrolyte concentration (NaCl/ClDin combination with SIT I( < 4 m). The empirical
793 electrostatic term used in Model VIl is relatedth® constant capacitance model (CCM). A
794 method is proposed to use the CCM in the speciatamde PHREEQC, for easier and more
795 consistent implementation of Model VII in this codée electrostatic term used in this model
796 tends towards zero fdr= 1 m, and thus, further metal ion accumulation in th@mty of HA
797 molecules can be neglected. Consequently, a natr@déatic model in combination with the
798 binding site definition in Model VII was tested fbor> 1 m. The approach simplifies the model
799 under these high ionic strength conditions, wherBd€A-Donnan can be used without
800 modification. Both models do a relatively good jobpredicting proton dissociation for HA
801 groups where the apparent pKariations at highl are mainly controlled by the activity
802 coefficient of the proton. The trend in apparentahen-HA complexation constants withis
803 consistent with experimental results for AmUO,**, C&*, Ni?*, C&* and P4, both at low and
804 high metal loading. The maximum metal ion uptake H¥ (e.g., the loading capacity) for
805 various conditions is relatively well predicted.ddese of the simple approaches used here and
806 due to the limited number of datasets that ardaiaifor highly saline solutions, no attempt was
807 made to improve the models in order to eliminatediscrepancies observed in the evolution of
808 apparent complexation constants withMost of the discrepancies between experiments and
809 predictions with Model VII or NICA-Donnan are redat to the specific cation-HA binding
810 parameters used. With appropriately calibrated iBpdainding parameters for a given type of
811 HA (e.g. a given composition or origin), both madate expected to reliably predict cation-HA

812 binding for a wide range of ionic strengths.
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The impact of the physico-chemical conditions om éxperimental determination of SIT
parameters for metal ion-HA complexation was alseussed. When HA is treated as a simple
dissolved ligand, the obtained SIT parameters gadue difficult to interpret with regards to their
specific physical meaning owing to the complexityHA molecules. It is shown here that the
experimentally investigated pH and metal loadingiateons have a strong impact on SIT
parameters via their effect on the charge of HAn8effects of pH and metal loading on cation-
HA complexation are well known, but the presentigtshows that they imply additional effects
related to HA charge, which must be taken into antevhen extrapolating constants at various
ionic strengths. Unlike Na, which only interacteattostatically with HA, Ca or Mg can bind
more strongly to HA. Because, highly saline watessnmonly have substantial Ca or Mg
concentrations, as well as other metal ions, kedbtihigh overall loadings are to be expected.
Although Model VIl and NICA-Donnan can account bmth the metal loading effects and cation
competition atl < 1 m, additional cation competition experimentshagh ionic strength are
required to further validate or improve these medBlevertheless, we suggest that both models
might be used as helpful predictive tools in parfance safety assessment even under highly

saline conditions.
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Table and figure captions:

Table 1. Summary of the experimental conditions for the M-Ebmplexation experiments of
Wall et al. (2002) (Ant), Labonne-Wall et al. (1999) (U8), Kurk and Choppin (2000) (€b
and Nf*) and Laszak and Choppin (2001) {Qa

Figure 1. a) Surface potential¥p) and Donnan potential?f) calculated for Model VII and
NICA-Donnan, respectively, for pH (= - lag;+) = 5.5 versus the ionic strength. The y-axis for
?p is shifted by 60 mV compared with the one¥gfto highlight their similar evolution with

(b) Activity coefficient of the protonl¢gy,+) versusl in NaCl, NaClQ and NaNQ solutions,
calculated with SIT. (c) HA charge versusph 0.1 M (black curve), 1 M (blue curve), and 3
M (red curve) [0.1, 1.051, 3.503 m, respectivel\gQO,. Points are experimental results of
Maes et al. (1992) and lines are results from M&el(For interpretation to references to color,

the reader is referred to the web version of tHisla.)

Figure 2. (a) Experimental Am-HA binding isotherms of Czamski et al. (1996) for pH= 6
andmy,cio,= 0.01, 0.1, 1 and 3.5 m (symbols) compared withuktions using Model VI

(lines). Experimental (b) lof"*B.c and (c) loading capacity.C) values for Am compared with
Model VII and NICA-Donnan predictions versugNaClQ,) in the experimental conditions of

Czerwinski et al. (1996). Experimental error baesgenerally smaller than the symbols.

Figure 3. Experimental binding capacity {8) and log"*p(Pu*") values of Szabd et al. (2010)
versus | (NaClQ,)) compared with Model VII predictions. Arrows refdo the y-axis
corresponding to the data. Experimental error BarsBn.x are generally smaller than the

symbols.

Figure 4. (a) Apparent Am-HA and U(VI)-HA complexation constanf@/all et al., 2002;
Labonne-Wall et al., 1999) versugNaCl) for pH, = 5.1 and 4.9, respectively. (b) Apparent M-
HA complexation constants (M = Nior C&*, Kurk and Choppin, 2000) versuigNaCl) for
PHexp = 6. For both figures, lines are predictions byddoVIl (full line) and NICA-Donnan
(dashed lines) using the generic parameters (lii¢dldown for the case of Am-HA, see text for

details). Experimental error bars are commonly fan#han the symbols.
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Figure 5. Experimental apparent €aHA complexation constants versuspfor | = 0.1, 1 and
3 m NaCl (Laszak and Choppin, 2001) compared vajhModel VII (simulated curves fdr= 1
and 3 m NaCl overlap) and (b) NICA-Donnan preditsioExperimental error bars are commonly

smaller than the symbols on all three figures.

Figure 6. (a) Experimentally observed effect of the ioniesgth on Am-HA complexation at
low (Wall et al., 2002; pH = 5.1; NaCl) and high metal loading (Czerwinskakt 1996; pH, =

6; NaClQ). (b) Simulated effect of the ionic strength on AtA complexation at low ([Am{: =
10° m) and high metal loading ([Am] = 10° m) with Model VII (black curves) and NICA-
Donnan (blue curves) in NaCl for a HA concentratoh1 mg L* and pH = 5.5. (For
interpretation to references to color, the reasleeferred to the web version of this article.)
[M] (mol L™ [HAI(mg L™ myeq (M) pH pH buffer

Am®* 1x10° 1-10 01-6 5.1 (pk) 10% M acetate
UO,>*  5.2410° 2-10 01-6 4.9 (pk) 10% M acetate

Ni2* 1x10° 2x10° - 1.6x10° 0.3-5 6.0 (pky) No

co? 1x101° 1.3«10%-2.2x10" 0.3-5 6.0 (pHy) No

ca’ 1x10°® 0 - 500 01-3 45-95@pY No

Table 1
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