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ABSTRACT

Ternary systems of 152Eu(III), bulk bentonite and ethylenediaminetetraacetic acid (EDTA) ([Eu] = 7.9 ×
10−10 M; pH = 6.0–7.0) have been studied. Without EDTA, there was slow uptake in a two-stage process,
with initial rapid sorption of Eu(III) (96%), followed by slower uptake of a much smaller fraction (3.0% over
a period of one month). The reversibility of Eu(III) binding was tested by allowing Eu(III) to sorb to
bentonite for 1–322 days. EDTA was added to the pre-equilibrated Eu bentonite systems at 0.01 M, a
concentration that was sufficient to suppress sorption in a system where EDTA was present prior to the
contact of Eu(III) with bentonite. A fraction of the Eu was released instantaneously (30‒50%), but a
significant amount remained bound. With time, the amount of Eu(III) retained by the bentonite reduced,
with a slow fraction dissociation rate constant of approximately 4.3 × 10−8 s−1 (values in the range 2.2 ×
10−8– 1.0 × 10−7 s−1) for pre-equilibration times ≥7 days. Eventually, the amount of Eu(III) remaining
bound to the bentonite was within error of that when EDTA was present prior to contact (4.5% ± 0.6),
although in systems with pre-equilibration times >100 days, full release took up to 500 days. Europium
interactions with colloidal bentonite were also studied, and the dissociation rate constant measured by a resin
competition method. For the colloids, more Eu was found in the slowly dissociating fraction (60–70%), but
the first-order dissociation rate constant was faster, with an average rate constant of 8.8 × 10−7 s−1 and a
range of 7.7 × 10−7–9.5 × 10−7 s−1. For both bulk and colloidal bentonite, although slow dissociation was
observed for Eu(III), there was no convincing evidence for ‘irreversible’ binding.

KEYWORDS: ternary systems, bentonite, ethylenediaminetetraacetic acid, EDTA, europium, 152Eu(III),
reversibility, dissociation rate constant.

Introduction

STUDIES suggest that for colloidal transport to be
significant, colloids must bind radionuclides
irreversibily, as any reversibly bound radionuclides

would be removed quickly by the available rock
surface binding sites, whereas ‘irreversibly’ bound
radionuclides would be transportedwith the colloids
(Mori et al., 2003). In fact, the situation is more
complex than this, because there is no simple
division between reversibly and irreversibly bound
metal ions. Calculations have shown that the slow
dissociation of radionuclides from colloids (i.e.
short of ‘irreversibility’) can facilitate transport.
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The transport residence time only needs to be small
compared to the half time for dissociation, with
migration increasing with decreasing rate constant
(Bryan et al., 2007).
The interactions of radionuclides with bulk and

colloidal clays are important, because they have
been suggested as a potential backfill material for a
radioactivewaste repository (Mori et al., 2003), and
so the sorption of radionuclides by bulk bentonite,
its constituents and other bulk clays have been
studied extensively (Wold, 2010). However, only
the reversibility of Cs(I) binding to bulk clays has
been studied in detail (e.g. Comans, 1987; Comans
et al., 1991; de Koning and Comans, 2004),
although Ivanov et al. (2012) have reported no
evidence for slow dissociation of uranyl from bulk
bentonite.
Radionuclide sorption to bentonite colloids has

also received attention; however, the dissociation
kinetics have been studied barely at all (Wold,
2010). In conditions relevant to the vicinity of a
clay buffered radioactive waste repository, Missana
et al. (2008) found >75% colloid bound for Eu(III)
and Pu(IV), whilst Schäfer et al. (2004) found that
approximately 80% of both Th(IV) and Eu(III)
were colloid-associated. Huber et al. (2011) have
reported competition experiments between bentonite
colloids and fracture-filling material. Slow
dissociation from the colloids was observed, and
there was some evidence that the system took 7500
hours (313 days) to reach equilibrium: for Am(III),
the rate constants were in the range 1‒2.5 ×
10−6 s−1, whilst for Pu(IV), the range was 3.9 ×
10−7‒ 2.4 × 10−6 s−1. Wold (2010) estimated
representative first-order dissociation rate constants
from sorption rate constants and Kd values for:
Pu(IV) 1.2 × 10−6 s−1; Am(III) 5.6 × 10−7 s−1;
Np(IV) 1.2 × 10−10 s−1; Cm(III) 1.7 × 10−6 s−1;
U(VI) 8.3 × 10−7 s−1; Tc(IV) 1.75 × 10−4‒4.2 ×
10−3 s−1. Geckeis et al. (2004) found that Am(III)
and Pu(IV) transport through fractures could only
be explained by slow dissociation from colloids,
although the interactions were eventually reversible
on a time scale of months.
Bouby et al. (2011) found that Cs(I) and U(VI)

did not bind to bentonite colloids, but that the tri-
and tetravalent f-block ions (Eu(III); Th(IV)) were
strongly associated. For these two metal ions, they
measured the time taken for complexation by humic
acid to remove the metal from the bentonite. In the
case of Eu(III), they found that although dissoci-
ation from the colloids was slow, equilibrium was
eventually attained, and most of the Eu(III)
dissociated from the bentonite and bound to the

humic acid. However, in the case of Th(IV), even
after three years, the system had not reached
equilibrium.
In this study, we have determined the dissoci-

ation rate constants for Eu(III) from both bulk and
colloidal bentonite. The study of the uptake of
radionuclides by bentonite is relatively straightfor-
ward, and requires only that the radionuclide is
added to the clay. However, to study the reversibil-
ity of the interaction, it is necessary to allow the
radionuclide to interact with the bentonite for a
known period of time before using a competing
ligand or cation binding resin as a strong sink to
‘pull’ the radionuclide from the bentonite, so that
the dissociation rate may be measured (e.g.
Monsallier et al., 2003). Previous tri-valent
f-element dissociation experiments have not
considered dissociation from bulk bentonite, and
those with colloidal bentonite have used ligands such
as humic acid or complex natural solid competitors,
such as fracture fill material, that could interact with
the colloids. Other literature values are estimates
based on sorption rates and distribution coeffi-
cients. The aim of this work is to measure directly
the dissociation rate constants for bulk and colloidal
bentonite using sinks that do not interact with
bentonite: such data are useful in the prediction of
radionuclide migration in environments where
bentonite exists, such as deep geological disposal.

Materials and methods

The clay used in this work is a sodium Wyoming
bentonite. All water was deionized (18 MΩ) and all
reagents were analytical grade. All experiments
were repeated in triplicate.

Bulk Eu dissociation experiments

Bentonite clay (0.5 g) was added to tubes with
deionized water (8 ml), NaClO4 (1 ml, 0.1 M) and
152Eu (1 ml, 1 kBq) to give a total Eu concentration
of 7.9 × 10−10 M; the system was then adjusted to
pH 7 (±0.1). The clay was suspended (maximizing
contact with the Eu(III)). After a pre-equilibration
period between 1 and 332 days, EDTA sodium salt
was added to the system. Before the addition of
EDTA, the tubes were centrifuged on a BOECO
C-28A centrifuge (15 min, 4000 rpm, Sigma micro-
centrifuge) to remove particles larger than 2 μm.
Once this was complete, the top 4 ml of suspension
in the tube was removed and distributed into 2 ml
containers. These were then centrifuged (35 min,
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14000 rpm); this removed all particles larger than
0.25 μm. Following centrifugation, 1 ml of the
solution was removed and replaced by EDTA
solution, which when introduced to the 10 ml
system gave an EDTA concentration of 0.01 M.
Once the EDTAwas added, the tubes were rocked
for one hour to re-suspend the clay. Following the
re-suspension, and after a period of one day, the
tubes were again centrifuged as before, and 1.5 ml
was removed for analysis by gamma ray spectro-
metry (Canberra 2020 coaxial HPGe gamma
spectrometer with an Ortec 919E multi-channel
analyser). The aliquots were then returned to the
sample tube, the clay re-suspended and the sample
stored for later analyses. In a separate experiment,
the uptake of Eu on to bentonite was measured in
the absence of EDTA, but under the same
conditions. Also, an experiment was performed
where EDTAwas added to the Eu tracer solution,
prior to any contact with the bentonite clay (this
was to ensure that the EDTA could effectively
compete with the clay for the Eu).

Colloid studies

A stock solution of colloids (147 ppm) was prepared
and colloid concentrations measured according to
the method described by Bouby et al. (2011). An
aliquot of the sample was diluted with deionized
water (1 ml colloid suspension, 9 ml water), and
HNO3 was added (0.2 ml) prior to analysis. The Al
and Mg concentrations were determined using ICP-
AES (inductively coupled plasma atomic emission
spectroscopy) on a Perkin Elmer Optima 5300 dual
view spectrometer.

Size distributions

Syringe filters and ultrafiltration membranes were
used sequentially to filter the bentonite colloid
stock (450, 200 and 100 nm PES filters). The filters
and membranes were adjusted to the pH of the
colloid suspension (8.8 ± 0.2) and pre-equilibrated
for 68 hours prior to use.Ultrafiltrationwas performed
under pressure (argon, 1.5 bar) through membranes
(Millipore, polyethersulfone: 300, 10 and 3 kDa).
In a separate experiment, 152Eu (3.5 ml, 35 kBq)
was added to a sample of the bentonite colloid stock
(3.5 ml) and left for 68 hours to equilibrate before
filtration as above. The syringe filters and ultrafil-
tration membranes were pre-treated in 10−4 M
stable Eu(NO3)3 solution to prevent sorption of

the radiotracer, according to the method of Pitois
et al. (2008).
Dowex 50WX4-200 (H-form) resin was con-

verted to its sodium form. 20 g of Dowex resin were
added to a sintered column, and washed with:
deionized water (150 ml); HCl (2 M, 500 ml);
deionized water (500 ml); NaCl (3 M, 500 ml);
NaOH (0.1 M, 500 ml); and finally deionized water
(500 ml). Experiments showed that the colloid did
not interact with the pH pre-conditioned resin (data
not shown).

152Eu solution (30 ml, 30 kBq) was added to a
container, and its pH adjusted (8.8 ± 0.1).
Following the pH adjustment, colloid suspension
was added to the 152Eu. This gave a total volume of
152Eu/colloid suspension of 300 ml. At different
pre-equilibration times, aliquots of the
152Eu/colloid suspension was removed (10 ml, ×3)
from the main mixture, and conditioned Dowex
resin was added (1.4 g). The resulting mixture was
allowed to shake gently for one hour. After shaking,
the samplewas centrifuged (15 min, 4000 rpm) and
a 1.5 ml aliquot of the supernatant was removed for
analysis for Eu content. After measurement, the
aliquot was returned to the sample tube, the resin re-
suspended, and the sample stored for subsequent
analyses using the same method.

Results and discussion

Bulk bentonite dissociation

Powder X-ray diffraction was used to show that the
EDTA had no effect on the bentonite (data not
shown). Figure 1 shows the dissociation of Eu(III)
from bentonite with EDTA contact time as a
function of pre-equilibration time of the Eu with
the bentonite prior to addition of EDTA. The data
are plotted as the natural log of the percentage of Eu
remaining bound to the bentonite. Eu(III) dissoci-
ation followed a similar pattern for all pre-
equilibration times. A large part of the Eu(III)
(30‒50%) dissociated almost instantaneously from
the clay.
For the experiments with pre-equilibration times

less than 115 days, the Eu distribution between bulk
bentonite and EDTA was within error of that at
equilibrium between 20 and 100 days. That is, the
amount of Eu remaining bound to the bentonite
reached the value that would have been observed if
the EDTA had been present from the start of the
experiment before the Eu was introduced to the
clay: This point is shown as the horizontal black
line in Fig. 1. Hence, for these systems, there was
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no indication of irreversibility. Experiments with
pre-equilibration times above 115 days took longer
to reach the equilibrium distribution, although all of
them had at least one point within error of
equilibrium. Therefore, there was no convincing
evidence for irreversibility in these systems.
Linear portions of the plots in Fig. 1 indicate a

single first-order dissociation rate constant, which
may be determined from the gradient. Systems with
pre-equilibration times greater than one day showed
different behaviour to that of the one day system,
where the dissociation was distinctly faster, with a
smaller decrease in gradient as EDTA contact time
progresses, compared to the other systems. The
average dissociation rate constant for this system
(taken from day one of EDTA contact until the
system reaches apparent equilibrium) is approxi-
mately 10−6 s−1.
For the longer pre-equilibration times, each of

the plots shows more than one gradient. There is
faster dissociation at the start of the experiment, but
after approximately seven days EDTA contact, there
is a distinct reduction in reaction rate. First-order
dissociation rate constants for the most slowly
dissociating fraction were calculated by linear
regression of the raw data for the portions of the
plots beyond seven days of EDTA contact. The
amount of Eu in the fraction was obtained from
the intercept of the line of best fit with the y axis.

The fitting results are shown in Table 1. There are
relatively small differences between the rates for the
different systems. The average Eu(III) dissociation
rate constant is 4.3 × 10−8 s−1, with a range of 2.2 ×
10−8− 1.0 × 10−7 s−1.
The Eu/EDTA/bentonite experiments are ternary

systems (one metal ion, two sinks). Generally, the
overall observed kinetics associated with metal
exchange between one sink and another in such
systems could be determined by the dissociation
kinetics of the initial sink and the association kinetics
of the receiving sink. For the receiving sink, the
association rate would be expected to depend upon
the binding site concentration. However, the associ-
ation kinetics of Eu(III) and EDTA are very rapid, for
example, Nash et al. (2012) found that the rate
constant was 2.09 × 104 M−1 s−1 in lactate systems.
Therefore, at the EDTA concentrations used in this
study, the rate of association of Eu(III) with EDTA is
many orders of magnitude larger than the dissociation
rate from the bentonite (Table 1). Therefore, the
dissociation from the bentonite is the ‘rate determining
step’, and the observed kinetics depend only on
the rate of dissociation from the clay and are
independent of the EDTA concentration.
The amount of Eu in the slowly dissociating

fraction increases rapidly over the first few days of
contact, but beyond 65 days, the amount seems to
have reached an equilibrium, with around 19–25%

FIG. 1. Natural log of percentage of Eu bound to bentonite vs. EDTA contact time, as a function of pre-equilibration time
(pH = 7 ± 0.1; I = 0.1MNaClO4). The full black horizontal line represents the equilibrium position, and the dashed lines
represent the experimental uncertainty for the equilibrium position. Errors bars are 2σ based on the standard deviation of

triplicate measurements.
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slowly dissociating. Virtually all of the Eu in this
system (>96%) was bound to the bentonite before
addition of EDTA; therefore, the other 75–81% of the
Eu was bound to the bentonite, but did not get
transferred to the slow fraction. The fact that this
material was released instantaneously upon addition
of EDTA shows that it was available for incorporation
within a slowly dissociating fraction. Further, given
the very low Eu concentration in the experiments, it
seems unlikely that the slowly dissociating compo-
nent has reached capacity. Therefore, in this system,
there must be an equilibrium between the Eu in the
slowly dissociating and instantaneously available
fractions. There is an apparent decrease in the value
of the rate constant obtained from regression as pre-
equilibration time increases up to 115 days; however,
there are large errors on the rate data.
When Eu was first added to the bentonite, it

bound quickly, and within the first few hours of
contact, 96% of the Eu was bound to the clay. Over
the following month, there was a subsequent
increase in the amount bound by 3.0% and an
associated increase in the Rd by a factor of 4.1. It is
clear that more than this 3.0% of the Eu changes its
interaction with the bentonite, because there is
different dissociation behaviour for the system with
a short pre-equilibration time and those that were
equilibrated for more than one day. Therefore, it
seems that there is rapid uptake to some fraction that
is bound, but may be (relatively) easily removed if a
stronger sink becomes available. However, over time
it seems that there is a transfer of some of the bound
Eu to a fraction that dissociates more slowly.
The small increase in Rd suggests that the transfer
may also be associated with an increase in
thermodynamic stability. However, some of the
material (over half in most cases) also remains

available for instantaneous dissociation, even after
several months of contact time.

Colloid size distributions

The colloid and Eu/colloid mixture size distribu-
tions are shown in Fig. 2; nominally, the <3 kDa
fraction will contain particles no larger than∼1 nm,
and so this fraction can be considered as the ‘true
solution’.
The vast majority of the bentonite colloids were in

nominal size fractions >200 nm. For the 3k Da–
200 nm fraction, the ratio of Al:Mg (0.62:1, with Al
= 0.065 ppm andMg = 0.105 ppm)was far from that
of the bentonite theoretical value (5.02:1), and so
this fraction does not seem to contain significant
quantities of bentonite colloids. Also, the Al andMg
concentrations in this fraction were low compared to
the others, and so a reliable bentonite colloid
concentration could not be calculated. Given that
the colloid stock solution had a concentration of
147 ppm, the material responsible for the Al andMg
in the 3 kDa–200 nm fraction represents a very small
percentage of the total. The 152Eu(III) showed
broadly similar behaviour to that of the colloid,
and most of it was bound to the larger colloids
(>450 nm; ≈95%). Only 1.5% of the 152Eu(III)
remains in the true solution fraction (<3 kDa).
Therefore >98.5% of the Eu is colloid associated.
The Eu found in the colloidal fraction where no
bentonite colloids were detected (10 kDa–200 nm)
was probably due to Eu bound to low concentrations
of smaller bentonite colloids that could not be
detected or due to other trace colloidal material
derived from the bentonite clay, such as quartz.
These phases could generate colloids that could bind

TABLE 1 Dissociation rate constants, reaction half-time data and amounts for the most slowly dissociating fraction
for Eu and bulk bentonite (pH = 7 ± 0.1; I = 0.1 M NaClO4). Errors are 2σ based on the error determined
during regression of the data in Fig. 1 (due to the log vertical scale in Fig. 1, the errors on the amounts bound are
asymmetric).

Pre-equilibrium time
(Days) Dissociation rate constant (s−1)

Amount of Eu in slow dissociating
fraction with errors (%) τ (Days)

7 1.01 × 10−7 (±6.23 × 10−8) 17.3 (+3.1; ‒2.9) 79
21 4.19 × 10−8 (±8.51 × 10−8) 11.9 (+25.2; ‒4.8) 192
65 3.93 ×10−8 (±1.35 × 10−8) 19.3 (+5.4; ‒3.5) 204
115 2.17 ×10−8 (±1.70 × 10−8) 20.5 (+8.6; ‒6.0) 370
220 2.61 × 10−8 (±1.14 × 10−8) 24.3 (+6.7; ‒5.2) 308
332 2.56 × 10−8 (±2.87 × 10−8) 20.7 (+11.2; ‒7.3) 314
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Eu, but they would not have the expected Al:Mg
ratio. Even a very lowmass of colloids in the smaller
fractions would be particularly reactive, because of
their very high specific surface area. Despite this, the
amount of Eu observed in the range 3 kDa–200 nm
is small, and so the 152Eu(III) is largely associated
with the bentonite colloids.

Eu(III) colloid dissociation

Sodium perchlorate was not added to the colloid
experiments because this would have destabilized
the colloids. Instead, the colloid solution was used

without alteration. The dissociation of Eu(III) from
the bentonite colloids as a function of Eu/colloid
pre-equilibration time is shown in Fig. 3. In this
system, when the Eu was added to the Dowex resin
before the addition of colloids, the uptake was
rapid, and 1.4 ± 0.34% remained in solution; this
represents the equilibrium position for the colloid
experiments (horizontal line, Fig. 3). In this system,
the colloid dissociation reaction is the rate-deter-
mining step. A description of the use of resins for
the determination of dissociation rate constants is
given in Monsallier et al. (2003). For all samples, a
similar pattern is observed. A significant part of the
Eu(III) (approximately 30‒40%) dissociated almost

FIG. 2. Colloid and 152Eu(III) concentrations in each size fraction.

FIG. 3. Natural log plot of the colloid dissociation experiment: ln(percentage bound to bentonite) vs.Dowex resin contact
times, as a function of pre-equilibration time (pH = 8.8 ± 0.1). The black horizontal line represents the equilibrium

distribution, and the dashed lines represent the experimental uncertainty (1.4 ± 1.1%).
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instantaneously from the colloid. This was followed
by slower dissociation of the remaining Eu(III) over
time.
The dissociation observed for the colloids was

very different to that of the bulk bentonite. More Eu
is found in the slowly dissociating fraction, and
there is no increase in the amount bound beyond
one day pre-equilibration time. Further, beyond the
initial rapid dissociation, only a single rate constant
is observed throughout the duration of the experi-
ment. First-order dissociation rate constants and the
amounts in the most slowly dissociating component
were calculated by regression, and the results are
shown in Table 2.
The dissociation rate constants for the colloids are

over an order of magnitude higher than for the bulk
sample. The reasons for the differences are uncertain,
but it could be due to the narrow size distribution of
the bentonite colloids, making the system more
homogenous than bulk experiments (Fig. 2). Beyond
being more heterogeneous in terms of particle size,
as a natural material, the bulk sample is also more
chemically heterogeneous too. It seems likely that
both of these factors contribute to the difference.
The binding of Eu(III) to bentonite in this

experiment was similar to that reported in the
literature. Missana et al. (2008) and Bouby et al.
(2011) found that it would associate to the clay, but
in the presence of a competitor, it would dissociate.
Bouby et al. (2011) used humic acid as a competitor
and reported that on addition of humic acid an
instantaneous, partial dissociation of the radio-
nuclide from the bentonite occurred. The same was
observed in these experiments, since on initial
addition of EDTA/resin at least 30% of the Eu
dissociates immediately.
Wold (2010) estimated dissociation rate con-

stants for some metal ions (see values above).
These values were calculated from Kd values and
association rates.Wemight expect some differences

between the values reported here and those of Wold
(2010) because Wold’s calculation assumes that all
of the bentonite-bound radionuclide represents a
single fraction, whereas the kinetic data for the bulk
and colloidal experiments (Figs 1 and 3) show at
least 3 and 2 fractions, respectively. Wold’s rate
constant for Am(III) (5.6 × 10−7 s−1) is an order of
magnitude higher than that recorded here for the
bulk (4.3 × 10−8 s−1). The other trivalent rate
constant from Wold (2010), Cm(III) (1.7 ×
10−6 s−1), is also higher than the Eu bulk
experiment rate here (4.3 × 10−8 s−1). However,
the colloid rate constants observed here fall within
the range of trivalent rate constants reported by
Wold (2010). Huber et al. (2011) have also
provided dissociation rate constants for bentonite
colloids from competition experiments using
fracture-filling material. For Am(III), the values
were in the range 1‒2.5 × 10−6 s−1, whilst for
Pu(IV), the range was 3.9 × 10−7‒ 2.4 × 10−6 s−1.
The bulk rate constants in this study are lower
than the data from Huber et al. (2011) (Table1), but
again the colloidal values are much closer (Table 2).
At present, the mechanism responsible for the

slow dissociation is uncertain. For a lanthanide ion,
such as Eu(III), we would not automatically expect
dissociation from a surface complexation site to be
so slow. Therefore, it seems that there must be some
other mechanism responsible for the slow dissoci-
ation. In the case of some radionuclides and
concentrations, it has been suggested that surface
precipitation could be responsible, particularly for
tetravalent ions (Bouby et al., 2011). However, it
seems less likely that is the case for a trivalent
radionuclide, such as Eu(III), especially given the
low concentrations of Eu and the ambient pH
studied here. Metal ions do diffuse into the
interlayer spaces of clay structures, and it is possible
that this is partly responsible for the slow
dissociation: this might explain the difference

TABLE 2 Dissociation rate constants, reaction half-time data and amounts for the most slowly dissociating fraction
(pH = 8.8 ± 0.1). Note, calculating an overall rate for all data in Fig. 3 gives an average first-order rate constant
of 8.8 × 10−7 s−1. Errors are 2σ based on the error determined during regression of the data in Fig. 3 (due to the
log vertical scale in Fig. 3, the errors on the amounts bound are asymmetric).

Pre-equilibration system (Days) Dissociation rate constant (s−1) Amount of Eu in fraction (%) τ (Days)

1 8.97 × 10−7 (±2.27 × 10−8) 69.8 (+3.1; ‒2.9) 8.94
7 7.66 × 10−7 (±5.63 × 10−8) 60.8 (+12.4; ‒10.3) 10.5
21 9.47 × 10−7 (±2.63 × 10−7) 64.9 (+22; ‒17) 8.47
89 9.04 × 10−7 (±2.55 × 10−8) 69.2 (+11; ‒9.5) 8.87
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between the bulk and colloidal Eu(III) rate
constants, since the particles will be smaller for
the colloid system, and so the extent to which a
metal ion could get hidden inside the structure
could be reduced, giving a faster dissociation rate.
Clearly, additional work is required to deduce the
mechanism of interaction more fully.

Conclusions

No evidence for ‘irreversible’ binding of Eu by
bentonite has been observed. Although Eu(III) does
bind to bulk bentonite and bentonite colloids and
there was both a fast and slow dissociation, there
was no sign that the radionuclides were bound
permanently.
For bulk bentonite, beyond ∼100 days pre-

equilibration time, the amount of Eu in the most
slowly dissociating fraction was effectively con-
stant. However, the experiments suggest that there
is a change in dissociation behaviour over pre-
equilibration times up to 1 week, with a reduction in
the slowest dissociation rate constant of approxi-
mately an order of magnitude. In addition to a
significant fraction that dissociates instantaneously
and some material with intermediate rates, there
does seem to be a most slowly dissociating fraction
that has a characteristic rate constant of approxi-
mately 4.3 × 10−8 s−1.
There was a difference between the colloid and

bulk dissociation. The first-order rate constant was
significantly higher (i.e. faster reaction rate) for
colloids, with an average dissociation rate constant
of 8.8 × 10−7 s−1, over an order of magnitude faster
than for bulk bentonite. There was also only a
single rate constant in the colloid system, and the
amount slowly dissociating did not increase beyond
a pre-equilibration time of one day. Previous work
with humic substances has shown that in a system
where some portion of colloid-associated radio-
nuclides dissociate slowly, this will dominate
transport (Bryan et al., 2007). Whether or not the
rate constants measured here mean that colloidal
transport is significant will depend upon transport
residence times in the subsurface.
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