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Adsorption and diffusion experiments of EuIII were performed in Callovo-Oxfordian (COx) clay rock in the
presence of EDTA. The predictive model based on binary system parameters (Eu/COx and EDTA/COx) was
in good agreement with the results for the Eu/EDTA/COx ternary system. At low EDTA concentrations, the
behaviour of EuIII was mainly driven by Eu3+adsorption and complexation by carbonates and EDTA. At
higher EDTA concentrations, the behaviour of EuIII was driven by the adsorption of [EuIII-EDTA]� anions.
Europium was then used as a probe to estimate the transport of EDTA. Three through-diffusion
experiments of EDTA were compared with 14C, Eu and 152Eu tracers. EuIII-EDTA was not quantitatively
dissociated by diffusion through the rock. The effective diffusion coefficients quantified De(EuIII-EDTA) =
1.5–1.7 � 1012 m2 s�1 were an order of magnitude lower than that of water, evidencing the anionic
exclusion of [EuIII-EDTA]� within the clay rock. Break-through curves and diffusion profiles confirmed
retardation due to significant adsorption on the clay rock (Rd(EuIII-EDTA) � 6–14 L kg�1) in comparison
with inorganic anions. However, the model based on batch adsorption measurements failed to predict
the diffusion results. All experiments displayed an early break-through of EDTA complexes. This
behaviour contrasted with results on iron oxides rich sediments, which usually led to higher retardation
than expected from the batch studies.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The fate of metals and radionuclides in the environment is
essentially governed by adsorption processes on mineral surfaces
and aqueous complexation (Hummel, 2008). Metals are commonly
trapped by adsorption on minerals with high cationic exchange
capacities such as clays. This adsorption can be modified in the
presence of aqueous complexing ligands. Inorganic and organic
ligands are known to increase metal solubility and decrease
adsorption by reducing the concentration of free cations in solu-
tion. Among the latter, phthalic acids and esters are frequently
used as additives in plastics and released into the geosphere from
waste. Chelating agents such as EDTA, NTA and DTPA are also used
for their complexing properties in the medical and textile
industries, as well as being used to extract rare earth elements
(Xie et al., 2014). Despite numerous studies dedicated to the trans-
port organic molecules in sedimentary rocks and aquifers, trans-
port parameters are hardly predictable in natural heterogeneous
samples (Borisover and Davis, 2015; Schaffer and Licha, 2015).
Up to now, however, migration measurements remain crucial for
assessing the transport of anthropogenic organic species. This
paper focuses on the transport of ethylenediaminetetracetic metal-
lic complexes (Metal-EDTA) in hard, sedimentary clay rocks. The
results are discussed with emphasis on a comparison between
the adsorption data on crushed rock and retarded diffusion in com-
pact rock.

There is an extensive bibliography on the effect of EDTA on
cation migration. For instance, it is worth citing: adsorption of ZnII-
PbII/EDTA on clay (Darban et al., 2000); transport of 241Am3+,
60Co2+, 137Cs+ and 85Sr2+ in the presence of EDTA through
sand/silt/clay soils (Pace et al., 2007; Seliman et al., 2010); mobility
of ThIV-EDTA through sand (Reinoso-Maset et al., 2012). The
adsorption-dissociation of CoII/III-EDTA during transport has also
been reported to occur on iron oxide-coated sand (Szecsody
et al., 1994, 1998), on Ferrihydrite (Brooks et al., 1996), and on
saprolite (Mayes et al., 2000; Gwo et al., 2007). More recently, a
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diffusion experiment of 14C-EDTA was performed through Callovo-
Oxfordian (COx) clay rock (Dagnelie et al., 2014). This rock was lar-
gely investigated by the French nuclear radioactive waste manage-
ment agency (Andra, 2005). A lower diffusivity of EDTA than non-
ionic species indicated the anionic exclusion from pore surfaces
despite a significant affinity measured by batch (Rd � 6.5 L kg�1).
A striking result was the much lower Kd value measured during
the diffusion experiments (<0.1 L kg�1) than that given in past
data. This manuscript uses the notation Rd for batch adsorption
experiments, which provide us with a distribution ratio. This ratio
is only interpreted as an adsorption coefficient, Kd, assuming the
reversibility of the process as in the case of through-diffusion
experiments. This ‘‘early break-through”, i.e. Kd < Rd, is typical in
organic molecule/soil systems (Pignatello and Xing, 1996). How-
ever, the opposite behaviour was reported for CoII-EDTA and SrII-
EDTA percolation through sediments (Kd > Rd in Szecsody et al.,
1998 and Pace et al., 2007). This paper discusses experiments that
were performed with other M-EDTA complexes so as to strengthen
the retardation factor expected in COx clay rock. This is why we
have focused on the [EuIII-EDTA]� diffusion.

We chose Eu because its adsorption on various clayey minerals,
oxides and cementitious materials in the presence of organic
matter is well documented. It is worth mentioning, for example,
(i) Eu/NOM adsorption on illite (Bruggeman et al., 2010), (ii)
in situ experiments on natural sediments (Kaplan et al., 2010),
(iii) Eu/organic co-contaminants on smectite (Bauer et al., 2005),
(iv) Eu/acetic, oxalic and carbonic acids or fulvic acids on
a-alumina (Alliot et al., 2006; Wang et al., 2000), and (v) Eu/Isa
and gluconic acids on calcite (Tits et al., 2005). All these studies
reveal that the adsorption of europium is governed by the concen-
tration of free cations in solution, which decreased in the presence
of ligands. To our knowledge, no study has been dedicated to
higher concentrations of ligands causing the behaviour of Eu to
be governed by its organic complex. Since this approach has been
successfully applied to cobalt and strontium EDTA complexes, we
used Eu as a probe to assess EDTA transport. A key issue of this
work was to evaluate if metal-EDTA species would display similar
early break-though than 14C-EDTA in COx clay rock. By way of con-
clusion, we discuss the predictability of diffusion models based on
adsorption data measured on crushed rock.
2. Material and methods

2.1. Clay rock and chemicals

Two types of experiments were performed in this study:
adsorption in batches on crushed rock and through-diffusion in
hard rock. Experiments were carried out on a drillcore sample from
the COx clay rock formation taken from �500.8 to �501.0 m in
depth (C2b1 layer). Samples were composed of clayey minerals
(�35 ± 5%), carbonates (�28 ± 3%), quartz (�27 ± 5%) and other
minor phases: potassic feldspars or siderite (<3%), and pyrite or
organic matter (<1%) (Gaucher et al., 2004). Deep argillaceous rocks
are reducing environments (EH � �0.2 V) which is why the sam-
ples were protected from O2 in an anoxic glove box. Each core
was sliced into 10 mm-thick pieces perpendicular to the bedding,
and then cut into discs of 35 mm in diameter. The remaining rock
was ground to fine powder (<63 lm) and equilibrated with syn-
thetic porewater before the adsorption experiments. The composi-
tion of the synthetic porewater is given in Table S1. Solutions were
prepared with salts of high purity (>99%). Gaseous nitrogen with
CO2 (pCO2 � 101.9 atm) was bubbled for 1 h and the pH was
checked to be equal to 7.2 ± 0.2. Solutions of organic complex were
obtained by adding high-purity Na2H2EDTA�2H2O and Eu2(SO4)3
salts and the pH was adjusted with fresh NaOH solution. The
radiolabelled tracers were 14C-EDTA (Sigma 30,471-9) and 152EuCl3
(CERCA LEA, 6.8 MBq.g�1 in HCl 1 M).

2.2. Adsorption experiments

Adsorption isotherms of 14C-EDTA and 152Eu were first per-
formed to quantify the adsorption properties of the sample
(EDTA/COx and Eu/COx binary system). The adsorption of 152Eu
in the presence of EDTA (Eu/EDTA/COx ternary system) was then
measured and compared with predictive modelling. The
experiments followed a protocol adapted from Descostes and
Tevissen (2004). Clay powder was rinsed under anoxic conditions
(m/V = 0.25 g mL�1) with synthetic porewater (Table S1). After
24–48 h of agitation, the tubes were centrifuged at 10,000g for
30 min and supernatant was renewed. This operation was repeated
four times to equilibrate the clay mineral. Adsorption experiments
were then carried out at 21 �C with a mean solid/liquid ratio of
0.011 g mL�1 and 0.05 g mL�1 for europium and EDTA adsorption
respectively. Adsorption started when the EDTA solution and the
14C-EDTA or 152Eu radiotracer were introduced and the tubes were
agitated. An initial concentration was fixed for the Eu/EDTA/COx
ternary system: [Eu]0 � 10�9 mol L�1. Measurements were
performed after centrifugation (50,000 g for 1 h). Supernatant solu-
tions were weighed and measured by c counting (Packard 1480
WIZARD 3) for 152Eu, or by liquid scintillation counting for 14C
(Packard TRICARB 2500, ultima goldTM). The solid-to-liquid distri-
bution ratio, Rd (L kg�1), was estimated using the following
equation:

RdðtÞ ¼ ½X�sorbed
½X�residual

¼ C0

CðtÞ � 1
� �

� V
m

¼ f ð½EDTA�Þ ð1Þ

where X represents EDTA or Eu, C the concentration (mol L�1), V
(mL) the solution volume, and m (g), the dry mass of the clay rock.

2.3. Diffusion experiments

Two through-diffusion experiments were performed with Eu-
EDTA, namely runs B and C. The results of these runs were com-
pared with previously published data (i.e. run A) using 14C-EDTA
(Dagnelie et al., 2014). The characteristics of the experiments are
summarised in Table 1. Radioactive 152Eu was used in run B to
assess retardation at trace concentrations (2.1 � 10�7 mol L�1). Con-
currently, stable europium was used in run C (1.0 10�4 mol L�1) to
assess the concentration effect. The experimental set-up is
described in detail elsewhere (Bazer-Bachi et al., 2006, 2007).
Briefly, the through-diffusion cells comprised upstream and down-
stream reservoirs, with volumes of 175 and 125 mL respectively.
Rock disks were pasted between two filterplates inside the diffu-
sion cells. After equilibration, the upstream solution was replaced
by a fresh poral solution containing 2.7 � 10�2 mol L�1 of EDTA
and a tracer. Experiments were kept in a temperature-controlled
room (21 ± 1 �C). Both compartments were periodically sampled.
Removed volumes were renewed with the initial solution. Tracers
were measured by a–b liquid scintillation counting for run A, c
counting for run B and inductively coupled plasma mass spectrom-
etry (ICP-MS 810-MS VARIAN) for run C.

2.4. Time-resolved laser-induced fluorescence spectroscopy (TRLFS)

The stability or dissociation of the EuIII-EDTA complex was eval-
uated after diffusion. For this reason, the speciation of EuIII was
determined by time-resolved laser-induced fluorescence spec-
troscopy (TRLFS). Upstream and downstream solutions were anal-
ysed before and after diffusion experiments. Results were
compared with a reference containing [Eu-EDTA]� and a MES



Table 1
Composition of solutions in upstream compartments of through-diffusion cells.

Run Duration (days) Tracer [EDTA]tot (mol L�1) A0(14C) (MBq) [Eu]tot (mol L�1) A0(152Eu) (MBq)

A 450 14C-EDTA 2.7 � 10�2 0.89648 0 0
B 750 152Eu 2.7 � 10�2 0 2.1 � 10�7 0.98563
C 710 Eu 2.7 � 10�2 0 1.0 � 10�4 0
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buffering agent (pH 6) in water. Europium was excited with a tun-
able OPO laser at 396 nm, providing 1 mJ per pulse at 10 Hz for a
period of 5 ns. The spectrometer was a monochromator spectro-
graph (Acton 2358i) with a 600-groove/mm diffraction grating
(500-nm blaze, iCCD-PIMAX camera). The delay and width of the
acquisition gate were set to values that maximised the fluores-
cence signal. The fluorescence of Eu after excitation at 396 nm
was collected at right angle to the laser beam between 560 and
640 nm.
2.5. Micro-laser-induced breakdown spectroscopy (LIBS-micro probe)

Quantification of europium in the rock also gave us information
on adsorption. There are specific techniques to quantify the Eu pro-
file in hard rocks, such as Rutherford backscattering spectrometry
(RBS, Alonso et al., 2009) or micro-laser-induced breakdown spec-
troscopy (LIBS-micro probe, Menut et al., 2003, 2005). The quanti-
tative mapping of the Eu profile inside the rock was provided by a
LIBS-micro probe after run C. The rock disc was cut after diffusion
(t = 888 days) into 3 mm thick slices (geometry detailed in Fig. S1
of the Supplementary material). The size of slices was
dX � dZ = 10 � 35 mm2 (X being the diffusion direction). Two Eu
maps are reported herein to illustrate the reproducibility of the
technique. The maps, namely C1 and C2, correspond to the slices
located at y = 0 ± 1.5 and y = 6 ± 1.5 mm from the centre of the disc.
The resolution of the laser spot gave an average of 1000 measure-
ments per profile (dX = 10 mm). A few dozen profiles were per-
formed along dz � 1 mm per map. The experimental set-up was
detailed in the document by Menut et al. (2003). A Nd-YAG laser
(Minilite II Continuum) operating at 266 nm with an energy of
4 mJ per pulse was used as the ablation source. By using a dia-
phragm, the spatial resolution was around 10 lm, which thereby
decreased the interaction energy to �25 lJ. Europium was mea-
sured at 462.72 nm by a CCD camera.

Europium maps were calibrated by estimating the total quan-
tity of Eu in rock samples. For this reason, a small amount of clay
was drilled from X = 280–940 lm. The corresponding sample was
weighed and then entirely dissolved in a Teflon beaker with a
leaching solution made of aqua regia and HF. The solution was then
filtered and the total Eu concentration was measured by ICP-MS.
3. Calculation

3.1. Adsorption modelling

The adsorption of both cations and organic anions on clay rock
was adjusted by a Langmuir-type multisite model. The adsorption
properties (sites densities and affinities) of the clay rock sample
were adjusted on the Eu/COx and EDTA/COx binary systems. The
behaviour of the Eu/EDTA/COx ternary system was then predicted
on the basis of previous data and the aqueous speciation. Specia-
tion calculations were performed with PhreeqC (V.2.18, Parkhurst
and Appelo, 1999) and the thermodynamic database provided by
Andra, ThermoChimie TDB V9 (Giffaut et al., 2014). One missing
complexation constant, b�[Eu-EDTA]� was extrapolated from Wu
and Horrocks (1996). The comparison between the predicted and
experimental adsorption isotherm, Kd(Eu/COx) = f[EDTA], is dis-
cussed in Section 4.

3.2. Diffusion modelling

The analysis of the through-diffusion results is based on Fick’s
second law (Crank, 1975):

@ C
@ t

¼ De

ea þ qgð1� eaÞKd

@2C
@ x2

¼ De

ea � R
¼ De

a
@2C
@ x2

ð2Þ

with C representing the concentration (mol m�3), t the time (s), De

the effective diffusion coefficient (m2 s�1), ea the diffusion-
accessible porosity, qg the grain density (�2.7 kg L�1), Kd the
adsorption coefficient, and a the rock capacity factor. R = a/ea is
called retardation factor. The initial conditions were C(x = 0) = C0,
C(x– 0) = 0. Two methods were compared to solve the diffusion
equation. Firstly, reactive transport modelling was performed using
PhreeqC. In this case, the retarded diffusion of EDTA and Eu were
predicted using the adsorption parameters obtained from batch
experiments. In the first case, the same effective diffusion coeffi-
cient was assumed for both the EDTA and EuIII-EDTA species and
adjusted to De = 1.5 10�12 m2 s�1. Secondly, fully analytical solu-
tions were performed to fit the results with a constant Kd value.
The resolution was performed in the Laplace space (Moridis,
1998). In the second case, two parameters (De, a) were adjusted.
They are reported in Table 3. Adjustment was performed by the
least-square fitting of experimental and modelled results
with a weighting inversely proportional to the experimental
precision. A simultaneous fit on both the downstream flux and
the upstream concentration was performed. The downstream flux,
J (moles m�2 s�1) was defined by Eq. (3):

JdownðtÞ ¼
dndownðtÞ
S� dt

¼ Vdown

S
lim
Dt!0

Cdownðt þ DtÞ � Cdownðt � DtÞ
2� Dt

ð3Þ

where ndown is the amount of molecules in the downstream com-
partment in (moles), Vdown the downstream volume, S the sample
surface, and Dt the duration between two successive measure-
ments. The results are discussed on the basis of a normalised flux:

NORMJdownðtÞ ¼
L
C0

JdownðtÞ ð4Þ

with L (m) being the sample width and C0 (moles m�3) the initial
concentration. By using NORMJdown (m2 s�1), the direct comparison
of the different experiments was possible, regardless of C0 or L.
Moreover, diffusion cells tend to move towards a stationary state
where the flux is proportional to the effective diffusion coefficient
as described by Eq. (5).

Jdownðt ! 1Þ ¼ De � ðCup � CdownÞ
L

NORMJdownðt ! 1Þ � De ð5Þ

If the upstream and downstream concentrations evolve slowly,
(Cup-Cdown) � C0, the normalised flux rises to a plateau with a value
close to the effective diffusion coefficient. Experimental determi-
nation of this plateau is relevant since it estimates De indepen-
dently of the porosity and the adsorption process.
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Fig. 1. Adsorption isotherms on the binary systems used for parameter fitting. (top)
Langmuir isotherm of EDTA on COx clay rock at 14 days adjusted with 1 site (So),
(bottom) Adsorption isotherm of Eu on COx clay rock at 8 days adjusted with 2 sites
(S1 & S2).

Table 2
Data used for adsorption modelling. Bold characters are adjusted parameters.
Adsorption sites for cations (S1 + S2) are initially saturated by an inert cation noted
T3+. The adsorption site for organic anions (SO) displays identical affinity for all EDTA
complexes. Complexation constants are taken from Andra database (Thermochimie
TDB V9, available in https://www.thermochimie-tdb.com/).

Surface complexation reaction Site capacity
(moles kg(COx)�1)

Affinity
(logK)

S1-OT + Eu3+ = S1-O-Eu + T3+ 1.04 � 10�4 7.92
S2-OT + Eu3+ = S2-O-Eu + T3+ 7.4� 10�3 5.2
SO + [M-EDTA]Y� = SO-[M-EDTA]Y� 4.0� 10�1 1.93
Complexation constants Reference (logb�)
Eu3+ + EDTA4� = [Eu-EDTA]� Wu & Horrocks 17.52

(b� extrapolated) 19.15
Eu3+ + CO3

2� = [Eu-CO3]+ Andra TDB V9 7.9
Eu3+ + 2 CO3

2� = [Eu(CO3)2]� Andra TDB V9 12.9
Eu3+ + SO4

2� = [Eu-SO4]+ Andra TDB V9 3.5
Ca2+ + EDTA4� = [Ca-EDTA]2� Andra TDB V9 12.69
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4. Results

4.1. Adsorption of EuIII-EDTA on clay rock

Fig. 1 and Table 2 report the adsorption isotherms and parame-
ters adjusted from the binary systems. A two-site (S1 + S2) Lang-
muir model was adjusted with the Eu/COx adsorption isotherm.
A single site (SO) was considered for the EDTA/COx adsorption iso-
therm with a constant affinity of all EDTA species. Such a rough
assumption supposes that the adsorption of EDTA complexes
might only be scarcely affected by the cation inside the complex
(Tebes-Stevens et al., 1998). The value Rd(EDTA/14 days)
= 13.6 ± 2.3 L kg�1 was slightly higher than that reported in previ-
ous data (Dagnelie et al., 2014).

Adsorption on the ternary system was then predicted using the
previous data adjusted to binary systems. The adsorption isotherm
of europium was measured as a function of [EDTA] (Fig. 2). The
results were in very good agreement with the predictive model.
The adsorption of europium is constant at the lowest concentra-
tion, with a value Rd

MAX(Eu) between 8.2 � 104 and 1.7 � 105 L kg�1.
These values are close to the available published results (Rabung
et al., 2005; Tertre et al., 2006), considering clayey minerals as
the major adsorbing phases (in our case 21% of illite, 11 ± 2% of
interstratified illite/smectite considering CEC). Europium mainly
remains in cationic form [Eu(CO3)]+ (Fig. 2, bottom). At intermedi-
ate concentrations, 10�6 < [EDTA] < 10�3 mol L�1, the adsorption of
Eu decreases. Anionic species become prevalent and display a
lower adsorption than cations. The corresponding complexation
reaction is:

½Eu� CO3�þ þ ½Ca� EDTA��2 ¼ ½Eu� EDTA�� þ Ca2þ þ CO2�
3 ð6Þ

It is worth highlight the fact that the EDTA concentration range
required to decrease Rd(Eu) is correctly predicted by the model,
confirming the thermodynamic data listed in Table 2. Above
[EDTA] > 10�3 mol L�1, Rd(Eu) reached a plateau with a value close
to the sole complexing agent EDTA. The adsorption of [EuIII-EDTA]�

was driven by the anionic complex adsorption.
An important feature was the saturation of adsorption sites

above [EDTA] > 10�2 mol L�1 which was more pronounced for
EDTA (Fig. 1) than for EuTOT (Fig. 2). When the EDTA concentration
increases, the saturation of adsorption sites leads to Langmuir-type
isotherms for EDTA. Concerning the adsorption of EuTOT, two
antagonist effects occur when the concentration of EDTA increases.
Firstly, the saturation of surfaces decreases the adsorption of Eu-
EDTA in similar proportions to EDTA since they display similar
affinities for adsorbing sites. In the meantime, however, the
EDTA/EuTOT ratio increases, as well as for Eu-EDTA/EuTOT and thus
Rd(EuTOT). This explains why the saturation effects were less pro-
nounced for EuTOT than for EDTA. Thanks to this feature, the use
of Eu as a probe has the advantage to assessing the diffusion of
EDTA complexes with minimised saturation effects.
4.2. Through-diffusion of EuIII-EDTA

4.2.1. Eu speciation measured by TRLFS
TRLFS measurements were performed to assess the speciation

and stability of EuIII-EDTA. The interaction of EDTA with minerals
potentially dissociates complexes by releasing trace elements
such as FeIII, AlIII. For example, the adsorption-dissociation of
CoII/III-EDTA into FeIII-EDTA was largely studied during percolation
through iron oxide-coated sand (Szecsody et al., 1994, 1998).
However, COx clay rock only shows a low amount of iron, mainly
in a reduced state (FeIIS2, FeIICO3). The slow EuIII-EDTA dissociation
in COx clay was only evidenced at high solid/solution ratios in
Dagnelie et al. (2015). In the present experimental set-up,
EuIII-EDTA dissociation was expected to be slow and the complex
was expected to remain both stable and in a sufficient amount to
be measured. This was confirmed by the fluorescence spectra of
the upstream and downstream solution after through-diffusion
(Fig. 3). The main features are the fluorescence bands centred at
580.6, 593.5 and 616.1 nm, corresponding to the transitions from
the 5D0 excited state to the 7F0, 7F1, and 7F2 ground levels respec-
tively. The four measurements present similar spectra with respect
to the positions and shape of the fluorescence bands. Europium
mainly remained in [EuIII-EDTA]� form and was not quantitatively
dissociated during the experiment. The labile fraction of EuTOT was
dominated by the EuIII-EDTA complex and Eu3+ adsorption
remained negligible compared with that of EuIII-EDTA in our
system.
4.2.2. Downstream flux and upstream concentration
The results of the through-diffusion experiments are shown in

Fig. 4. An early break-through of tracers was observed in all the
three runs. Neither EDTA nor Eu were expected to be measurable

https://www.thermochimie-tdb.com/


Table 3
Characteristics of transport parameters of EDTA complexes in COx clay rock. Distribution ratio, Rd, measured by batch and Kd values extrapolated from diffusion experiments. Bold
characters are best-fit parameters. Min/max values between brackets show the visual uncertainties represented in Figs. 4 and 5. Italic characters are additional adjustments
performed on the curve written in superscript.

Mock-Upa Run Ab Run B Run C

Species EDTA Fe-EDTA EuIII-EDTA 14C-EDTA EuIII-EDTA EuIII-EDTA

Diffusion through compact rock V/m (L kg�1) 4.10�3 5–7
De (10�12 m2 s�1) 3.9 0.17 0.94 [0.7–1.3] 1.7 [1.4–2.1] 1.5 [1.3–1.7]

[0.4–1.7]LIBS

a 9.0 13.5 0.27 [0.20–0.35] 7.5 [6–11] 4.3 [3.6–4.8]
Kd (L kg�1) 3.8 5.8 0.08 3.2 1.6

6.2UPSTREAM [6.3–14]LIBS

Adsorption on crushed rock Rd (L kg�1) at lowest concentrations 6.2 (48 h)a 13.6 ± 3 (14 d)
Rd (L kg�1) at [EDTA] = 2.7 10�2 mol L�1 4.9 ± 2 (14 d) 4.4 (24 h) 16.0 ± 2 (8 months)

a,b Taken from Dagnelie et al. (2014, 2015) respectively.
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in the downstream compartment according to the predictive
model based on batch data (Fig. 4, the predicted downstream
curves are not visible within 750 days; the black dotted line indi-
cates the predicted upstream curve). The adjustment of two
parameters (De, a) by using an analytical solution resulted in a
semi-quantitative estimation of the EDTA complex adsorption
(Fig. 4, solid lines). In the case of run C in particular, both the
upstream and downstream concentrations were correctly
reproduced with the single set of parameters (De, Kd) =
(1.5 � 10�12 m2 s�1, 1.6 L kg�1). This result secured a good mass-
balance during the experiment and a better level of confidence
for this data. All the adjusted parameters are summarised in
Table 3. The effective diffusion coefficients De([EuIII-EDTA]�) =
1.7 � 10�12 and 1.5 � 1012 m s�1 were obtained in agreement
with previous results De(14C-EDTA) = 0.94 � 10�12 m2 s�1. These
low effective diffusion coefficients, compared with that of water
(De(HTO) � 20–25 � 10�12 m2 s�1), indicated anionic exclusion
from the clay rock as evidenced with inorganics anions by
Descostes et al. (2008).
Concerning adsorption, the Kd(EuIII-EDTA) values of 1.6 and
3.2 L kg�1 were extrapolated from the rock capacity factor a. These
values were compared with the data obtained from the batch
experiments taking into account the saturation of adsorption sites.
For this purpose, we considered the Langmuir parameters (K, S)
and a linear concentration profile through the rock. Thus,
Rd
CELL = S/C0 � ln(1 + K � C0) gave a low estimate of the adsorption

expected in diffusion cells based on the batch data, e.g.: the EDTA
adsorption isotherm with Rd

MAX = 13.6 L kg�1 and C0 = 27 mM led to
Rd
CELL = 7.8 L kg�1 expected during through-diffusion experiment.

Rd
CELL was two times higher than the experimental Kd(EuIII-EDTA)

values calculated from batch experiments. The adsorption of Eu
was assessed by a third method, which was provided thanks to
the Eu solid profiles.

4.2.3. Europium profile in the rock
The total europium concentration in clay rock (in ppm) was

measured using the LIBS micro-probe technique. It was compared
with the modelled europium poral concentration based on the fol-
lowing equation:

½Eu�TOTðppmÞ ¼ 103 �MðEuÞ � ½Eu�poral �
e

ð1� eÞqg
þ Kd
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where M(Eu) is the molecular mass of europium (g mol�1). The
temporal changes in Eu and EDTA predicted in the rock are illus-
trated in Fig. 5 (top). The results show that EDTA displays a lower
retardation than EuIII-EDTA due to the saturation of adsorption
sites. Thus, the ratio [EDTA]/[Eu] is expected to increase along with
the depth within the rock sample. This is in agreement with the
constant speciation observed for [EuIII-EDTA]�.

The two europium profiles measured by LIBS-micro probe are
shown in Fig. 5 (bottom). The Eu concentrations measured on the
solid (upstream side) were [Eu]TOT = 120 ± 15 and 112 ± 10 ppm,
see profiles C1 and C2 respectively. These results are lower than
those calculated by the predictive model (220 ppm). Uncertainties
on the De and Kd values were evaluated by a visual adjustment of
the analytical model below and above experimental results (dotted
lines). De(EuIII-EDTA) fell in the range of [0.4–1.7] � 10�12 m2 s�1 in
agreement with previous results. Kd(EuIII-EDTA) was in the range
of [6.3–14] L kg�1, in the same range as the values expected from
the adsorption isotherm.
5. Discussion

This section focuses on the confidence levels with respect to the
transport parameters obtained and their applicability to other
molecules or rocks.

5.1. Applicability of EDTA transport parameters

Table 3 gathers parameters which are representative of physical
mass transfer of EuIII-EDTA in COx clay rock. In all three diffusion
runs, the normalised flux reached a quasi-stationary state. This
provided an estimation of De(EDTA) independently of the
adsorption process. Diffusion parameters of 14CEDTA, EuEDTA
and 152EuEDTA were in good agreement: De = 0.94/1.5/1.7 � 10�12

m2 s�1. This reproducible result was representative of anionic
exclusion and similar results should be expected for anionic
complexes in COx and other clay-rich hard rocks.

Concerning adsorption on crushed rock, the model based on the
(Eu/COx, EDTA/COx), binary systems predicted the experimental
results on the Eu/EDTA/COx ternary system fairly well. At low
EDTA concentrations, Eu is mainly driven by Eu3+ adsorption and
complexation by carbonates and EDTA. Adsorption of the organic
anions must be taken into consideration at high concentrations
since it drives EuIII behaviour. However, further experiments will
be necessary to determine the solid phase(s) driving the adsorption
of EDTA. Nonetheless, Rd(EuIII-EDTA) may be estimated by analogy
with other metal-EDTA complexes. Inner cations barely modified
the complex affinity for surfaces. This methodology should suit
other ternary systems composed of metal/chelating organic com-
plexes/sedimentary rock.

Finally, the adsorption values measured by diffusion, Kd, dif-
fered slightly from batch data. Experiments B and C displayed early
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break-through quantified by Rd
CELL/Kd > 2 for EuIII-EDTA. This early

break-through remains puzzling and hardly predictable for natural
heterogeneous rocks. Yet similar trends were observed in COx clay
rock for phthalate (Rd

CELL/Kd � 5, Dagnelie et al., 2014) and poly-
maleic acid (Rd/Kd � 2, Durce et al., 2014). It should be noted that
the contrary behaviour, i.e. Rd/Kd < 1, was evidenced for EDTA com-
plexes in other sedimentary rocks. Pace et al. (2007) studied the
transport of SrII-EDTA in Hanford sediments while Szecsody et al.
(1998) studied the transport of CoII/CoIII-EDTA in subsurface sedi-
ments. In such cases, the oxidative dissociation of organic com-
plexes by oxides created additional adsorption sites in column
experiments. Furthermore, the dissolution of competing cations
by EDTA inhibited adsorption in closed-batch systems. This bias
between batch and diffusion experiments led to Rd/Kd ratios < 1
in iron oxide-containing sediments.
5.2. Origin of early break-through

This work confirmed and quantified the early break-through of
metal-EDTA in COx clay rock. Such behaviour is typical of organic-
soil interactions (Weber et al., 1991) and makes it difficult to pre-
dict the retardation of organic solutes (Roberts et al., 1986). The
origin of this behaviour in COx clay rock remains to be evidenced.
A few assumptions can be put forward: slow adsorption, chemical
reactivity and adsorption site accessibility.

Slow adsorption induces early break-through during the trans-
port of organic chemicals, especially for large-size humic acids
(Pignatello and Xing, 1996). Similar cases were studied for EDTA-
lanthanide complexes in Byegard et al. (2000) or for CoII/III-EDTA
reactive transport by Szecsody et al. (1994, 1998). In the latter case,
the authors needed tomodify a parameter from the batch dataset to
model EDTA transport (adsorption rates, sites quantities). In our
case, we quantified the adsorption kinetics of EDTA and EuIII-EDTA
on COx clay rock. The results are given in the Supplementary data
(Figs. S2 and S3). As in previously published studies, the adsorption
kinetics did not help us to explain the main difference between
batch and diffusion data, although they might explain the early
break-through for experiments with shorter time-scales
(<100 days). Similar conclusions were obtained on polymaleic acid
percolation through COx clay rock by Durce et al. (2014). These
authors included desorption kinetic and hysteresis in their model,
which also failed to completely predict the percolation experiments.

Chemical perturbation of the rock and especially dissolution of
minerals by EDTA is another assumption to consider (Golubev
et al., 2006; Nowack and Sigg, 1997; Noren et al., 2009). It might
enhance the organic flux from the upstream solution and the
release of competing cations as well. Such a phenomenon was
recently studied on limestone-shale saprolite (Mayes et al., 2000;
Gwo et al., 2007). Interfacial chemical reactions led to a chemical
mass transfer with a higher rate than the physical mass transfer.
CoII-EDTA was shown to be oxidised or dissociated on oxide sur-
faces, leading to CoIII-EDTA or FeIII-EDTA respectively (Zachara
et al., 1995). However, such dissociation processes were shown
to be slow in COx clay rock and were ruled out by speciation
measurements.

It would be worth carrying out further studies on these organic/
sediments systems in order to quantify the accessible surface and
site densities of various phases (and not only phyllosilicates) on
crushed and compact samples.
6. Conclusion

This work discusses an original case study of metal-EDTA com-
plex migration in a natural sedimentary rock. The adsorption of
EuIII was measured on COx clay rock as a function of [EDTA]. The
predictive model based on the (Eu/COx and EDTA/COx) binary sys-
tems was in good agreement with results on the ternary system
Eu/EDTA/COx. At low EDTA concentrations, Eu was mainly driven
by Eu3+ adsorption and complexation by carbonates and EDTA. At
higher EDTA concentrations, the behaviour of EuIII was driven by
the adsorption of the anionic complex [EuIII-EDTA]� and less
affected than EDTA by the saturation of adsorption sites. Thus Eu
was used as a probe to quantify metal-EDTA transport.
Time-resolved laser-induced fluorescence spectroscopy (TRLFS)
confirmed that EuIIIEDTA was not quantitatively dissociated
during diffusion. The adjusted effective diffusion coefficient,
De(EuIII-EDTA) = 1.5–1.7 � 1012 m2 s�1, was similar to previously
published measurements (De(14C-EDTA) = 0.94 1012 m2 s�1),
confirming anionic exclusion within the clay rock. Batch data and
diffusion profiles in the rock confirmed the significant adsorption
capacity of Callovo-Oxfordian clay rock, Rd(EuIII-EDTA) �
6–14 L kg�1 leading to diffusive retardation. However, the
diffusive retardation factors were lower than those predicted by
the batch experiments by less than an order of magnitude
(2 < Rd

BATCH/Kd
CELL < 5). This early break-through is consistent with

most data on organic/soils organic/COx systems. Yet, it was con-
trary to the data obtained for EDTA on others rocks containing
higher amounts of (hydr)oxides (Rd/Kd < 1). Improving our under-
standing of these systems will help us to define the relevant time
and space scales needed to obtain consistent data from crushed
and hard rocks. This would in turn improve our estimations of
the confinement of hydrosoluble organic species in the geosphere.
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