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ARTICLE INFO ABSTRACT

Editorial handling by: Mavrik Zavarin The presence of organic ligands may exacerbate the mobility of contaminants by stabilizing them in the aqueous
phase and reducing their retention on the solid phases, representing an additional environmental hazard.

We investigated the impact of EDTA, citrate and phthalate on the adsorption of four different radionuclides
(RN = 1%7¢s, 85sr, 152Ey and 2*°U) by a well-characterized smectite clay and evaluated the capability of sorption
modeling to incorporate the impact of these organic ligands.

We analyzed the effect of ligand concentration (from 1-107° to 1-102 M) on RN retention at two different pH
values (approximately 5 and 9) to contemplate the occurrence of different adsorption mechanisms in clays
(cation exchange or surface complexation) as well as the RN and organic speciation.

The results suggested that phthalate had a minimal effect on the retention of the studied RNs, while EDTA and
citrate significantly decreased the adsorption of Eu, Sr and U, even making it drop to zero in some cases. The
simulation outcomes demonstrated that, in most cases, the variation in the distribution coefficient (Kg) as a
function of the organic concentration could be accurately replicated with the available thermodynamic data, but
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few relevant discrepancies were identified.
The importance of the possible competitive effects of trace ions in the equilibrium water (notably Ca) for the
overall assessment of the role of organic matter on RN retention was highlighted.

1. Introduction

Adsorption on mineral surfaces is the main mechanism retarding the
migration of toxic elements (such as heavy metals HM or radionuclides
RN) from contaminated sites or radioactive waste disposal. In the latter
context, clay materials are often used as geochemical or engineered
barriers because of their high cation exchange capacity (CEC) and
consequent ability to retain contaminants. Bentonite is considered an
engineered barrier material in many radioactive waste disposal concepts
(Sellin and Leupin, 2014; Pusch, 2006).

All factors affecting contaminant aqueous speciation and sol-
ubility—with a special focus on those that may promote their mobi-
lity—must be analyzed to provide sound knowledge on contaminant
behavior in different scenarios and to assess the safety function of bar-
rier materials.

The presence of organics is an issue of concern because they can
cause an enhancement of contaminant mobility. This undesired impact
is related to the formation of aqueous stable complexes between HM or
RN and the organics, which may increase contaminant aqueous
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solubility and/or inhibit the retention on the sorbent mineral surfaces
(Santschi et al., 2017) (Hummel et al., 2020). The presence of organic
materials is especially concerning in low-intermediate level radioactive
waste disposal, as their amount may be higher than that naturally pre-
sent in a soil or a geological formation and with a large degree of
chemical diversity (Abrahamsen et al., 2015) (Serne et al., 1996).

In this study, we focus on three different organic ligands: ethyl-
enediaminetetraacetic acid (EDTA), citrate (CIT) and phthalate (PHT).
Chelating agents such as EDTA or citric acid, among others, are used in
decontamination processes and can be present in appreciable concen-
trations in nuclear installations (Rufus et al., 2004) (Byrd et al., 2021)
(Seliman et al., 2010). EDTA, was clearly implicated in RN migration at
the Oak Ridge National Laboratory, USA, (Killey et al., 1984) and many
different studies have shown its capability of strongly chelating tri- and
tetravalent actinides (Reinoso-Maset et al., 2012) (May et al., 2012),
enhancing their mobility in different environments. Furthermore, EDTA
complexes with metals are very stable, persistent, and toxic (Malinen
et al., 2022). Apart from having good chelating properties, citric acid is
very common in nature, and it is widely used in industry for numerous
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applications. The occurrence of phthalic compounds in landfills can be
attributed to different sources, including the existence of plasticizers and
PVC products (Mersiowsky, 2002). Furthermore, Colombani et al.
(2009) (Colombani J et al.,, 2009) found that phthalates might be
released upon PVC degradation due to radiolysis.

The possible adverse consequences of organic ligands on RN migra-
tion have been discussed for quite some time; however, accurately
modeling and predicting these effects remains a challenging task. The
effect of a particular ligand may be completely different for different
radionuclides or, for the same element, under different chemical envi-
ronments, and this highlights the importance of thermodynamic
modeling for assessing the role of organics on RN retention (Kei-
th-Roach, 2008).

Thermodynamic sorption models can be a very useful additional tool
for the interpretation of experimental sorption data and the evaluation
of the retention properties of materials under variable chemical condi-
tions, but indeed, to date, their application for the analysis of RN
retention in the presence of organic ligands is very limited (Fralova
et al., 2021). Its implementation might also be partly constrained by the
availability of comprehensive and accurate thermodynamic data for
RN-ligand complexes (Keith-Roach, 2008). For example, despite EDTA
being one of the most extensively studied organic ligands, the reported
stability constants for actinide-EDTA complexes were reported to vary
by orders of magnitude (Cartwright et al., 2007). Hummel et al. (2005)
(Hummel et al., 2020) summarized and evaluated the thermodynamic
data of different RN (U, Np, Pu, Am, Tc, Se, Ni and Zr) complexes with
selected organic ligands (oxalate, citrate, EDTA and isosaccharinate
(ISA)) to the best of the experimental data available at that time.

The objective of the present study is to analyze the effects of different
organic ligands on the retention of four radionuclides (13”Cs, 85sr, 152Eu
and 233U), by a smectite clay (FEBEX bentonite), which has been largely
studied in the past, and to evaluate the possibility of modeling their
impact as a function of the selected ligand concentration (1-10 ~° to
1-1073 M), considering the available thermodynamic information.

The selected RNs cover a wide range of physicochemical properties
(alkali and earth-alkali metals, lanthanides, and actinides), and their
adsorption on the FEBEX clay (in the absence of the organics) was
already thoroughly analyzed and modeled, with this information being
the basis of the present study. The experimental tests were performed at
two different pH values to evaluate the results based on RN and organic
speciation and eventually to account for the existence of predominant
adsorption mechanisms (cation exchange and/or surface complexation).
The significance of trace ions, such as Ca®", which are frequently present
in solutions, even when purified clays are employed, is emphasized.

This systematic approach allowed us to understand the role of the
selected ligands on RN retention in a very important barrier material
(smectite) and to identify the main uncertainties still related to ther-
modynamic modeling.

2. Materials and Methods
2.1. Clay

FEBEX bentonite is a Spanish clay that has been studied for a long
time in many international projects related to the management of
radioactive waste (Fernandez et al., 2018). This clay has a high smectite
content (93 + 2%) with a cation exchange capacity, CEC, of 100 + 4
meq/100 g and a No-BET surface area of 59 m? g~ ! (Missana et al.,
2021).

For adsorption studies, the clay was converted into its Na-homoionic
form, and the powder was washed three times with 1 M NaClO4. Then,
the excess salt was eliminated by washing several times with ultrapure
(UP) water until the electrical conductivity of the suspension was lower
than 30 pS cm ™. To avoid the loss of the fine fraction, the procedure is
carried out using dialysis bags. Then, the solid was dried in an oven at
40 °C, ground in an agate mill and sieved (<64 pm).
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2.2. Organics

All the chemicals used were of analytical grade, and the initial so-
lutions of the selected organics were prepared in ultrapure water, dis-
solving the respective salts: EDTA in the form of disodium salt di-
hydrated (CjoH14N2NayOg-2H20, Merck CAS 6381-92-6) and citric
acid (C¢HgO7, Sigma Aldrich, CAS 77-92-9). phthalic acid
(CgH4(CO2H)2) was obtained upon dissolving phthalic anhydride
(CgH403, Sigma Aldrich, CAS-85-44-9) in water at 70 °C. Solutions of the
organic at different concentrations were prepared for their use in sorp-
tion tests (from 1-10~% to 0.1 M).

2.3. Radionuclides

The isotopes used for these tests were 137¢s, 85gr, 152Ey and 2%3U. The
initial stock solution are CsCl, SrCl; EuCls in 0.5 M HCI and UO2(NO3)»
in 0.5 M HNOs. The first three isotopes are gamma emitters, and their
concentration was measured by y-counting with a Nal detector (Packard
Autogamma COBRA 2) with a 4t geometry. Certified standards are used
to determine the counting efficiency for each radionuclide.

Uranium was measured by liquid scintillation counting using a Tri-
Carb 4910 TR (PerkinElmer) a/p analyzer and Ultima Gold™ as the
scintillation cocktail. The expected quantity of « radiation of 22°Th
produced by 233U decay is undetectable under the experimental condi-
tions. The concentration of each radionuclide used in sorption tests was
['¥Cs] = 1.3-1079 M; [®81] = 8.9:1071° M; [*5%Eu] = 3.8-10 ' M and
?¥U] =2.7107 M.

2.4. Batch sorption experiments

The degree of RN adsorption was determined by a batch sorption test
under aerobic conditions and at room temperature (22 + 2 °C). The tests
were carried out with the Na-exchanged FEBEX clay, suspending 0.01 g
of the clay powder in 10 mL of 0.1 M NaClO4 within centrifuge tubes.
After solid/electrolyte equilibration, the organic ligand and RN were
added. The time between the addition of the ligand (first) and the RN is
about 10 min. The concentration of the ligand was varied from
approximately 110 °*Mto 1-10 > M. Adsorption tests were carried out
under both acidic (pH 4.5-5.5) and basic (pH 8-9) conditions, and the
pH was adjusted upon RN addition. The mean pH for each test is spec-
ified in the figure containing the experimental data and the uncertainty
is (£0.2).

The samples were maintained under stirring for 7 days, and then to
separate the solid and the liquid phase, they were centrifuged with a
JOUAN MR22i centrifuge (rotor AM 50.14, radius of 97 mm) at the
maximum speed (21255-g) during 30 min. This centrifugation ensures
the separation of particles with a size higher than 50 nm. The super-
natant was analyzed to measure the final activity of RN in the liquid
phase at equilibrium; triplicates were used for each sample.

The distribution coefficient, Kq [mL~g’1], represents the ratio be-
tween the concentration of RN adsorbed in the solid phase [mol-g’l]
and the concentration of RN remaining in the liquid phase [mol-mL™'].
Kj is expressed as:

_RN], — [RN],, v

Kd =
[RN] Ifin

m

[RN]j, represents the RN activity initially added (in counts per minute
per mL) (cpm~mL’1), [RN]gy is the RN activity measured in the super-
natant (cpm-mL~1) upon the separation of the solid and liquid phases, V
is the volume of the solution and m is the mass of the solid. To account
for the possible variations in this parameter over several orders of
magnitude, the experimental data were expressed in logarithmic form
(Log(Ka)).
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2.5. Modeling

The calculations of RN and organic aqueous speciation and adsorp-
tion in the presence of the organics were carried out using the Chess v2.4
code (Van der Lee, 1998). Ionic strength corrections were made with the
Davies equation.

Smectite has a permanent structural charge (equivalent to its CEC)
and a smaller pH-dependent charge contribution from the amphoteric
functional groups (SOH) at the particle edges, where the Si-O-Si or
Al-O-Al bonds are broken (silanol and aluminol groups, respectively).
These different surface charge contributions imply the existence of two
main different adsorption mechanisms on smectite: cation exchange and
surface complexation. Radionuclide adsorption processes on the Na-
FEBEX clay (in the absence of organics) have been analyzed in the
past, and the details of the sorption modeling for each element can be
found elsewhere (Cs (Missana et al., 2014); Sr (Missana and Garcia--
Gutiérrez, 2007); Eu (Missana et al., 2021) and U (Missana et al., 2009)
(Mayordomo, 2017). The same modeling approach for each element
(using the same selectivity coefficients and complexation constants
already published) was used in the present study, accounting for the
presence of the organic ligand and the stability constants reported for
the complexes with RNs.

Cesium adsorption by the FEBEX clay is assumed to occur only by
cation exchange. In this clay, the existence of low-density but high-
affinity exchange sites, such as the frayed edge sites, FES, was demon-
strated. These FES-like sites are only accessible for alkali metals such as
Cs™ and K™ and their cation exchange capacity (CECggs) is much smaller
than the CEC of the clay. Considering this premise, the adsorption
behavior of Cs on the FEBEX clay was modeled considering a two-site
exchange model (Missana et al., 2014). In this work, the constants re-
ported in (Missana et al., 2014) for the Na-FEBEX are used.

The sorption model for Sr, Eu and U by the FEBEX clay included both
cation exchange and surface complexation reactions. The complexation
model considers the existence of two SOH-type sites (weak, S,,OH, and
strong, SOH). The main properties of the clay needed for sorption
modeling are summarized in Table 1.

The thermodynamic database (TDB) used for calculation is Ther-
moChimie (TC-TDB), (Grivé et al., 2015) developed by the consortium
Andra-RWM-Ondraf (the radioactive waste management agencies of
France, UK and Belgium, respectively). This is mainly based on the
books of the Nuclear Energy Agency of the Organization for Economic
Co-operation and Development (OECD-NEA), which periodically pub-
lishes the updates of thermodynamic data for many radionuclides. The
list of the data available for EDTA, CIT and PHT that were used for
calculations are summarized in Table 2. Apart from the data related to
the studied RN, the data relative to Ca -ORG complexes are also reported
because the effect of Ca?* will be included in the discussion. As previ-
ously reported, trace cations (Ca, Mg, Al, K) can be present in aqueous
solutions in contact with the FEBEX clay, even after homoionization
(Missana et al., 2014, 2021). For example, the range reported for Ca in
the contact aqueous phase with Na-FEBEX is 5-107° - 1.10™* (Missana

Table 1
Surface properties of the clay needed to perform sorption modeling.
CEC 16.95 peq-m?
CECrrs 7-10~* peq-m?
S OH density 1.02 peq-m?
S;OH density 0.03 peq-m?

Protonation and deprotonation reactions of SOH sites and surface species with
respective LogK, as expressed in the geochemical CHESS code.

Equation Surface species  Composition LogK
SsOH< SsO~ + H* S;0° 1S,0H, -1 H' —-9.9
SsOHj ©SsOH+ H™  SsOH3 1S,0H, 1 H" 4.8

SWOH & SwO~ + H* SuO0"
SwOHj < SwOH + S OHZ
H+

1S,0H, -1H" -84
1S,0H, -1H" 5.3
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et al., 2021). The possible formation of aqueous complexes between
these trace ions and the organic ligand must be evaluated because it can
significantly modify the overall behavior of the considered RN (Kei-
th-Roach, 2008).

As can be observed in Tables 2 and in the TC-TDB, some values
needed for the modeling are missing: i.e., data for the Cs-PHT, Sr-PHT,
Eu-CIT and Eu-EDTA systems. Therefore, for the Sr-PHT system, the Ca-
PHT reactions and values were used, and for Eu, the data were available
for the Cm/Am-CIT and Cm/Am-EDTA systems. The chemical analogy
between Cm(III), Am(III) and Eu(IIl) is often assumed (Fralova et al.,
2021).

The organic speciation (1-107* M) was calculated with TC-TDB
(Fig. S1, of the Supplementary Material). The main species under the
acidic/alkaline range for EDTA are: Hy(EDTA)[2-]1/H(EDTA)[3- ]
(Fig. Sla). For citrate, the main species are Ho(CIT)[-] or H(CIT)[2-
1/(CIT)[3- ] under acidic/alkaline pH, and finally, for phthalate, H
(PHT)[-1/(PHT)[2- ].

The speciation of each RN (at the same concentration used in sorp-
tion tests) as a function of pH in 0.1 M NaClO4 and in the presence of the
ligands (1 .10~* M) was calculated with the data summarized in Table 2.
As the sorption tests were carried out under atmospheric conditions,
calculations also included the presence of carbonates. The results are
provided in the Supplementary Material (Fig. 25-5S).

3. Results and discussion
3.1. Cesium

Cesium adsorption on smectite occurs mainly by cation exchange
and therefore is almost independent of pH. Cs adsorption in the Na-
FEBEX clay has been observed to be nonlinear due to the existence of
high affinity (FES-like) sorption sites, and therefore, K4 values depend
on the Cs concentration. At a low RN concentration, such as that used in
this study (1.3-107° M), Cs adsorption is dominated by FES. In the
absence of organics and at an ionic strength of 0.1 M, the logarithm of
the distribution coefficient (LogKy) for Cs in the clay is approximately 4
(Missana et al., 2014). The Log(Kq) values corresponding to [ORG] =
0 has been plotted on the y axis as a reference (blue points for pH~5 and
red points for pH~9).

The distribution coefficients (Kg) for Cs in the clay, in the presence of
increasing concentrations of organic ligands, are shown in Fig. 1. Fig. 1a,
b and 1c shows the adsorption data in the presence of EDTA, CIT and
PHT, respectively, and each figure includes the results obtained under
both acidic and alkaline conditions.

No variations in K4 values can be seen within the experimental error,
indicating that the presence of EDTA, CIT or PHT does not modify Cs
retention. Only at pH = 9.4 and the highest PHT concentration is a
decrease (of approximately half an order of magnitude) in Log(Kq)
observed. These results are in agreement with previous studies on Cs
retention in natural materials which reported small to null effects of the
presence of organic ligands (Byrd et al., 2021) (Montgomery et al.,
2017) (Reinoso-Maset et al., 2013).

The variation in Kq as a function of the different ligand concentra-
tions was calculated by sorption modeling (Section 2.5), and the
continuous lines superimposed on the experimental points in Figs. 1-4
represent the results of the modeling calculations.

For Cs, even in the presence of organic ligands, the predominant
species in solution is always Cs™ and although Cs(EDTA)[3-] and Cs(CIT)
[2-] species can be formed (Fig. S2), their concentration is negligible and
does not alter Cs retention by the clay. The simulations performed agree
with the experimental data (Fig. 1a and b).

No thermodynamic data were available for Cs-PHT, so the (small)
decrease in adsorption experimentally observed at pH = 9.4 (Fig. 1c), in
the presence of the highest concentration of PHT, could not be evaluated
by modelling. As the presence of organic ligands shows no influence on
the Cs uptake by the smectite clay, competitive Ca-ORG complexes were
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Table 2
Thermodynamic data used for adsorption modeling in the presence of organic ligands (from ThermoChimie TDB).
RN-ORG Species Composition LogK
Cs(D) Cs-EDTA Cs(EDTA)[3-] 1 Cs [+], 1 EDTA[4-] 1.3
Cs-CIT Cs(CIT)[2-] 1Cs [+], 1 CIT [3-] 0.98
Cs-PHT No information included in TDB
Sr(I1) Sr-CIT Sr(CIT)[-] 1Sr[2+],1CIT [3-] 4.24
Sr(CIT)2(OH)[5-] 1 Sr [2+], 2 CIT [3-], —1 H[+], 1 H20 -1.78
Sr(CIT), [4-] 1Sr [2+], 2 CIT [3-] 4.84
Sr(HCIT)[+] 1Sr [2+], 1 CIT [3-], 2 H[+], 12.46
Sr(HCIT) 1 Sr [2+], 1 CIT [3-], 1 H[+], 9.0
Sr-EDTA Sr(EDTA)[2-] 1 Sr [2+], 1 EDTA [4-] 10.3
Sr(HEDTA)[-] 1 Sr [2+], 1 EDTA [4-], H[+] 14.7
Sr-PHT No information included in TDB. Values given for Ca-PHT
Eu(III) Eu-EDTA No information included in TDB. Values given for Am/Cm-EDTA
Am-EDTA Am(EDTA)[-] 1 Am[3+], 1 EDTA[4-] 19.670
Am(HEDTA) 1 H[+], 1Am[3+], 1 EDTA [4-] 21.84
Eu-CIT No information included in TDB. Values given for Am/Cm-CIT
Am-CIT Am(HCIT),[-] 2 H[+], 1 Am[3+], 2 CIT[3-] 23.52
Am(HCIT)[+] 1 H[+], 1Am[3+], 1 CIT [3-] 12.860
Am(CIT) 1 Am[3+], 1 CIT[3-] 8.550
Am(CIT)[3-] 1 Am[3+], 2 CIT[3-] 13.90
Eu-PHT Eu(PHT)[+] 1 Eu[3+], 1 PHT [2-] 4.96
Eu(PHT);[-] 1 Eu[3+], 2 PHT [2-] 7.34
u(n U-EDTA (UO2)2(EDTA) 2 UO,[2+], 1 EDTA[4-] 20.6
UO,(EDTA)[2-] 1UO; [2+], 1 EDTA[4-] 13.7
UOL(HEDTA)[-] 1UO; [2+], 1 H[+], 1 EDTA[4-] 19.61
U-CIT UO,(HCIT) 1 UO; [2+], 1 H[+], 1 CIT[3-] 11.36
UO,(CIT)[-] 1UO; [2+], 1 CIT[3-] 8.96
UO4(CIT),[2-] 2 UO; [2+], 2 CIT[3-] 21.3
U-PHT UO,(PHT) 1 UO; [2+], 1 PHT[2-], 5.56
Ca(II) Ca-EDTA Ca(EDTA[2-] 1 Ca[2+], 1 EDTA [4-] 12.69
Ca(HEDTA)[-] 1 Ca[2+], 1 H[+], 1 EDTA [4-] 16.23
Ca-CIT Ca(CIT)[-] 1 Ca[2+]. 1 CIT[3-] 4.8
Ca(HxCIT)[+] 1 Ca[2+], 2 H[+], 1 CIT [3-] 12.67
Ca(HCIT) 1 Ca[2+], 1 H[+], 1 CIT [3-] 9.28
Ca-PHT Ca(HPHT)[+] 1 Ca[2+], 1 H[+], 1PHT[2-] 6.420
Ca(PHT) 1 Ca[2+], 1PHT [2-] 2.49

not considered in the modeling.

3.2. Strontium

Strontium adsorption on FEBEX clay occurs mainly by cation ex-
change, and under acidic/neutral conditions, it is independent of pH. A
small contribution of surface complexation is observed at pH > 8,
leading to a slight increase in Kq values. At an ionic strength of 0.1 M, the
measured Log(Ky) is approximately 2.2 at pH 5 and 2.3 at pH 9 (Missana
and Garcia-Gutiérrez, 2007).

The variation in the Kq values for Sr as a function of the organic
concentration is shown in Fig. 2. Fig. 2a, b and 2c show the adsorption
data in the presence of EDTA, CIT and PHT, respectively, under both
acidic and alkaline conditions are reported.

Fig. 2a shows that at pH 5.1, the effect of EDTA on Sr adsorption is
negligible, whereas at pH 8.7, when the EDTA concentration exceeds
1-107° M, the measured Kq values drop below 1 mL g~ ! (null adsorption,
these points cannot be included in the graph). Similarly, Fig. 2b shows
that the presence of CIT does not affect Sr adsorption at pH 5.1, but a
clear decrease in sorption is observed at pH = 8.6, although the effect is
observed only at the highest CIT concentration (1-103 M.

Fig. 2c shows that the effect of the presence of PHT on Sr adsorption
is negligible under both acidic and alkaline conditions.

A full consensus on the role of organic ligands in Sr retention/
migration behavior does not exist, and a lack of understanding still exists
(Reinoso-Maset et al., 2013). Apart from the differences related to the
chemical environment, the uncertainties are attributed to different
causes, such as the instability and dissociation of Sr-ligand complexes
(Pace et al., 2007) or the possible formation of ternary complexes
(RN-ligand-sorbent) (Seliman et al., 2010).

The speciation of Sr is significantly different in the presence of the
different ligands. In the EDTA-Sr system, the predominant species under

acidic conditions is Sr[2+], whereas under alkaline conditions, the
predominant species is the Srf(EDTA)[2-] complex. Accordingly, a minor
effect of the ligand is expected under acidic conditions; modeling cal-
culations of Sr adsorption at pH 5.1 agree very well with the experi-
mental data, which are, in effect, minimally affected by EDTA (Fig. 2a).

However, under alkaline pH, model calculations predict a much
stronger impact of EDTA on Sr retention than the experimentally
observed (continuous red line). Nevertheless, If we assume the existence
of 1.107° M Ca (a value in the range of that experimentally measured Ca
in solution), the simulation of the Log(Ky) for Sr retention at pH 8.7 and
in the presence of EDTA fits much better the experimental data (red
dashed line in Fig. 2a). Thus, the presence of Ca mitigates the effect of
this organic on Sr retention. This shows that it is important to account
for the formation of Ca-EDTA complexes competing with Sr-EDTA
complexes, and this can also be true for other strong ligands. Thus,
small changes in aqueous chemistry may lead to very different conse-
quences in relation to RN migration in the presence of organics and their
interpretation. Hereafter, in all further calculations, the effect of Ca was
checked. The inclusion of Ca (1~10_5 ~1.1074 M) in the modelling at pH
~ 5 did not modify the simulation.

In the Sr-CIT system, the predominant species in the pH range from 3
to 9 is Sr[2+] (Fig. S3b). At pH 5.1, no Sr-CIT complexes are present, but
the concentrations of Sr(CIT)[-] and Sr(CIT)2(OH)[5-] are not negligible
at pH 8.6. The variation in the Log(Ky) of Sr as a function of the CIT
concentration under both acidic and alkaline conditions could be satis-
factorily reproduced by calculations. The inclusion of Ca-ORG com-
plexes did not change the simulations.

No thermodynamic data are available in the TC-TDB for Sr-PHT;
therefore, in substitution, the stability constant reported for Ca has
been used for modeling. Calculations showed that the presence of the Sr
(HPHTHALAT)[+] complex is predicted at very low concentrations, so
its effect on Sr adsorption is expected to be negligible, as shown by the
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Fig. 1. Adsorption of Cs in clay in 0.1 M NaClO, in the presence of organics
[ORG]: a) EDTA; b) CIT and c) PHT. (@) corresponds to data in the acid range of
pH and (M) to the alkaline range. Continuous lines correspond to modeling
calculations.

modeling calculations (continuous lines in Fig. 2¢) and in agreement
with the experimental data. No difference in the simulations were
observed when including Ca.

3.3. Europium

Europium adsorption in FEBEX clay has a clear component due to
ionic exchange at pH < 5, where adsorption is observed to be strongly
dependent on the ionic strength and independent of pH (Missana et al.,
2021). At higher pH, according to the predominance of inner sphere
surface complexation, the dependence on the pH increases, and the
dependence on the ionic strength becomes limited. At a NaClO4 con-
centration of 0.1 M, at pH 5-5.5, the log(K4) was ~3.6-4 and higher at
pH 8-9, Log(Kg) ~ 5-6) (Missana et al., 2021).

The Log(Kq) for Eu in the presence of increasing concentrations of
organics are shown in Fig. 3. Fig. 3a, b and 3c shows the adsorption data
in the presence of EDTA, CIT and PHT, respectively.

As shown in Fig. 3a, at pH = 8.7, a very limited concentration of
EDTA (1-10~% M) decreases the K4 by more than 2 orders of magnitude
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Fig. 2. Adsorption of Sr in the clay in 0.1 M NaClO, in the presence of organics
[ORG]: a) EDTA; b) CIT and c¢) PHT. (@) corresponds to data in the acid range of
pH and (M) to the alkaline range. Continuous lines correspond to modeling
calculations. The dashed line represents the modeling including [Ca] =
1-107° M.

with respect to the value reported in the absence of organics. Under both
acidic and alkaline conditions, when the EDTA concentration exceeds
1-107° M, sorption becomes null (<1 mL g_l). The lack of data points for
high EDTA concentration is due to zero sorption (which cannot be
expressed in logarithmic form).

Similarly, Fig. 3b shows that the presence of CIT (>1-10"°> M) clearly
affects Eu adsorption, even if to a lesser extent than EDTA, under both
acidic and alkaline conditions. The observed decrease in Kq is approxi-
mately 2-3 orders of magnitude, more accentuated under acidic
conditions.

Fig. 3c shows that the effect of PHT on Eu adsorption is negligible
both at pH 5.1 and at pH 9, where Eu adsorption is still almost quanti-
tative even in the presence of the ligand. As reported in the literature,
the mobility of trivalent elements is generally impacted by the presence
of EDTA and CIT, even if the degree strongly depends on the environ-
mental conditions (Seliman et al., 2010) (Verma et al., 2014).

For Eu, as indicated in Table 2, no thermodynamic data are available
for the Eu-EDTA or Eu-CIT systems. Calculations were carried out with
the data available in the TC-TDB for the Am/Cm-EDTA and Am/Cm-CIT
complexes. For the Eu-EDTA system, according to the speciation graph
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Fig. 3. Adsorption of Eu in the clay in 0.1 M NaClO4 in the presence of organics
[ORG]: a) EDTA; b) CIT and c) PHT. (@) corresponds to data in the acid range of
pH and (M) to the alkaline range. Continuous lines correspond to modeling
calculations. Dashed and dotted-dashed lines represent the modeling including
[Ca]l = 1-10° M or [Ca] = 1-107* M, respectively.

(Fig. S4a), the Eu(EDTA)[-] complex would dominate in the entire pH
range; thus, a strong effect of EDTA on Eu adsorption is expected under
both acidic and alkaline conditions, as experimentally observed
(Fig. 3a). The simulations of data for the Eu-EDTA system, using the data
of Table 2 (continuous lines), strongly underpredict the adsorption of Eu
at both pH 5.1 and 8.7. Considering the presence of Ca in the system,
over the possible range of concentration expected ([Ca] = 1.107° M,
dashed lines and [Ca] = 1-10~* M, dotted-dashed lines), the simulation
improves for the data in the alkaline range, but it is still unsatisfactory
for the data at pH 5.1, significantly underpredicting the model the
experimental data.

The discrepancies observed in Fig. 3a between the data and the
modelling can be attributed to either higher presence of divalent ion in
solution competing with Eu for the formation of EDTA-metal complexes,
or the possible formation of ternary Clay-Eu-EDTA, which will be dis-
cussed later.

In the Eu-CIT system, the major species at both pH 5 and 9 is Eu
(CIT)2[3-] (Fig. S4). The simulation of Log(Kg) of Eu as a function of CIT
concentration is acceptable at both pHs but underpredicts adsorption at
the highest ligand concentrations (Fig. 3b). In this case, considering the
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Fig. 4. Adsorption of U in the clay in 0.1 M NaClOj in the presence of organics
[ORG]: a) EDTA; b) CIT and c¢) PHT. (@) corresponds to data in the acid range of
pH and (M) to the alkaline range. Continuous lines correspond to modeling
calculations. Dashed and dotted-dashed lines represent the modeling including
[Ca] =110 °M or [Ca] = 1-10°* M, respectively.

presence of Ca does not improve the model.

In the Eu-PHT system, according to speciation calculations shown in
Fig. S3c, Eu[3+] is the major species under acidic conditions, but Eu
(PHT)[+] also appears in nonnegligible concentrations. No relevant Eu-
PHT complexes appear under alkaline conditions. In all cases, the effect
of PHT on Eu adsorption on FEBEX clay was negligible. The predictions
of Eu adsorption behavior in the presence of PHT are acceptable for both
pH 5.1 and pH 9.0. The inclusion of Ca does not improve the model.

3.4. Uranium

Uranium adsorption in FEBEX clay is produced by the combination of
cation exchange and surface complexation processes. Ionic exchange
predominates at pH < 4, whereas at higher pH, surface complexation is
the main adsorption mechanism. Missana et al. (2009) reported U
sorption at an ionic strength of 0.1 M, log Kq4 values of 3.7-4.2 at pH
5-5.5 and of 3.5-4 at pH 8.5-9 (Missana et al., 2009).

The Log(Kq) for U on the clay in the presence of increasing concen-
trations of organics are shown in Fig. 4. Fig. 4a, b and 4c shows the
adsorption data in the presence of EDTA, CIT and PHT, respectively, and
each figure includes the results obtained under acidic and alkaline
conditions.

Fig. 4a shows that the presence of EDTA decreases the Log(Kg) of
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uranium under both acidic and alkaline conditions (approximately one
order of magnitude), with a more pronounced effect at pH = 5 than at
pH = 8.8.

Fig. 4b shows that the effect of CIT on U adsorption is even stronger.
At pH = 8.8, the Log(Ky) decreases by more than two orders of magni-
tude, and at pH 5, for CIT concentrations higher than 1-107° M, the
measured Ky values drop below the detection limit (Kq = O cannot be
included in the logarithmic scale).

Fig. 4c shows the U sorption behavior in the presence of PHT. No
effects are observed at pH 8.9, whereas a small decrease in Kq values is
noticed under acidic pH at the highest PHT concentrations.

In the literature, a decrease in U retention (or increase in U solubi-
lity) is reported in the presence of EDTA or CIT (Van der Lee, 1998)
(Barger and Koretsky, 2011) (Felipe-Sotelo et al., 2015) (Lozano et al.,
2011), even though it is recognized that due to complex U speciation
under natural conditions, it is not often easy to fully interpret the un-
derlying reaction mechanisms (Fralova et al., 2021) (Reinoso-Maset
et al., 2013) (Kornilovich et al., 2006).

For U, the speciation diagram for U-EDTA (Fig. S5a) shows that
UO2(HEDTA)[-] dominates at pH 5, whereas at pH 8.8, the complex
UO2(EDTA)[2-] exists, but carbonate and hydrolyzed species are also
relevant. Sorption modeling calculations reproduce the data quite well
at pH 8.8, whereas less adsorption than experimentally observed is
predicted at pH = 5. The inclusion of Ca ([Ca] = 1.107° M, dashed lines
and [Ca] =1-107% M, dotted-dashed lines) does not significantly change
the model of data at pH 8.8 and only slightly improves the modeling of
data at pH 5.

Speciation calculations in the U-CIT system indicate that UO2(CIT)[-]
is dominant over a wide range of pH values (3.5-7.5), but no U-CIT
species appear at pH > 8 (Fig. S5b). Modeling calculations do not
reproduce well the experimental data neither at pH 5 or pH 8.8. What is
most concerning is that, at pH 8.8, the model notably underestimates the
impact of CIT, as it lacks a relevant U-CIT complex in its database within
the alkaline pH range.

Finally, the U-PHT complex was predicted under acidic conditions
(Fig. S5¢). The simulations of U adsorption in the presence of phthalate
are quite satisfactory, with a slight underestimation of adsorption at pH
5.

Considering the RN speciation in the presence of the different
organic ligands and the results of the modelling, it seems clear that the
ORG-RN complexation in the liquid phase is the main mechanism
affecting RN retention in the clay. Nevertheless, other possible mecha-
nisms affecting the overall system behavior may exist. For example, the
adsorption of the organic ligand on the clay or the formation of a solid-
ligand-RN ternary complex has the potential to decrease the concen-
tration of the ligand-RN complex in the liquid phase (Barger and
Koretsky, 2011) (Kornilovich et al., 2006).

Previous studies on the retention of organic ligands in clayrock
indicated no negligible adsorption (1-50 mL g~!) for EDTA, CIT and
PHT under neutral conditions (Rasamimanana et al., 2017) (Dagnelie
et al., 2014). Complementary sorption tests were carried out to evaluate
the extent of organic sorption in the Na-FEBEX clay. For all the three
organics, the adsorption in the clay was null o very low (<5-8 %) and
higher sorption values were always measured under acidic conditions.
This is logical considering that the clay has a permanent negative
charge, and surface interactions with negatively charged ligands
(Fig. S1) are expected to occur only in the positively charged SOH sites.

Nevertheless, the formation of a ternary complex can be also pro-
moted by the adsorption of charged aqueous ORG-RN species; this
cannot be ruled out and would also reduce the effect of the presence of
ligands.

As a summary of the experimental results, Table 3 includes the
reduction observed for Ky values at the highest concentration of ligand
investigated (1-10’3 M) with respect to the value obtained without the
organic under the same experimental conditions. The presence of
organic ligands in the system may become concerning when the K4 value
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Table 3
Summary of the effects on K4 observed at the highest organic concentration
(1-10"2 M) (OM = order of magnitude).

RN EDTA CIT PHT

Acid alkaline acid alkaline acid alkaline
Cs Negligible Negligible Negligible ~ Negligible  Negligible ~0.5 OM
Sr Negligible Kq=0 Negligible ~1 OM Negligible Negligible
Eu Kq=0 Kq=0 ~3 OM ~2 OM Negligible ~ Negligible
U ~1.00M ~050M Kq=0 ~2 0M Negligible  Negligible

decreases by more than one order of magnitude and is critical when
sorption is completely suppressed (Kq = 0).

Based on the experimental results, it appears that PHT has the least
impact on the retention of the studied radionuclides, and Cs is the
radionuclide least influenced by the presence of ligands.

Sr retention is decreased by EDTA and CIT (to a lesser extent) but
only under alkaline conditions; Eu retention is drastically decreased by
EDTA and CIT (to a lesser extent) both under acidic and alkaline con-
ditions; U retention is also reduced by EDTA and CIT (more under acidic
than alkaline conditions), but in this case, CIT has a stronger effect than
EDTA. In general, thermodynamic modelling could reproduce the
experimental behavior and helped understanding the most important
factors which can affect RN mobility in the presence of organics in a
clayey system.

4. Conclusions

The adsorption behavior of four radionuclides (*%7cs, 85sr, 152Eu and
2331) by Na-smectite clay in the presence of organic ligands (EDTA,
citrate and phthalate) has been experimentally studied, and the results
have been analyzed by sorption modeling.

Considering the RN speciation in the presence of the organic and the
results of the modelling, it results that the ORG-RN complexation in the
liquid phase is the main mechanism affecting RN retention in the clay.

The results show that the presence of phthalate has a negligible effect
on the adsorption of all the studied RNs and that the adsorption of Cs is
not affected by the presence of any ligand. EDTA and CIT significantly
affect the adsorption of Eu and U and even, in some cases, completely
suppress their retention in clay; Sr adsorption is only reduced under
alkaline conditions.

Simulations of the dependence of K4 as a function of the ligand
concentrations were acceptable in most cases. The presence of trace
cations in the aqueous phase (such as Ca) may be very relevant to the
overall RN behavior; thus, it is extremely important to analyze the water
chemistry in detail. The effect of Ca is particularly important as
competitive ion in the case of EDTA and its presence significantly mit-
igates the effects of this ligand on RN retention.

The simulations of Eu-EDTA and U-EDTA sorption data at pH 5
underestimated the experimental adsorption, which might be attributed
to the possible interaction of the organic ligand with the clay under
acidic conditions and/or the formation of clay-RN-ORG ternary
complexes.

Finally, it is noteworthy that in the U-CIT system, the predictions
significantly underestimated the detrimental role of CIT on U retention
by the clay, especially under alkaline conditions.

Based on these findings, it is evident that accurate predictions
regarding RN behavior in the presence of ligands necessitate strong
support from thermodynamic modeling, which, in turn, calls for updated
databases. Furthermore, a comprehensive understanding of the pre-
vailing geochemical conditions is indispensable for an accurate inter-
pretation of the results.
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