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ABSTRACT: Bentonite colloids generated from the backfill barrier in nuclear waste repositories may
act as radionuclide carriers, if they are stable and mobile. Repository scenarios with highly saline
groundwater inhibit colloid stability as particles tend to aggregate but, in the time frame of repositories,
groundwater conditions may evolve, promoting particle disaggregation and stabilization. The
disaggregation of FEBEX bentonite colloids by fast dilution to lower ionic strength was analysed in
this study. Time-resolved dynamic light-scattering experiments were carried out to evaluate the kinetics
of bentonite colloid aggregation and disaggregation processes in Na+ and Na+-Ca2+ mixed electrolytes of
low ionic strength. Attachment and detachment efficiencies were determined.

Aggregation is promoted by increasing ionic strength, being more efficient in the presence of divalent
cations. Once bentonite colloids are aggregated, a decrease in ionic strength facilitates disaggregation,
but the process is not fully reversible as the initial size of the stable bentonite colloids at low ionic
strength is not fully recovered. Particle-size distribution and concentration in suspension were analysed
on disaggregated samples by single particle-counting measurements. Small colloids were measured in
the disaggregated samples but their population was smaller than in the initial stable sample, especially in
the presence of Ca2+.

KEYWORDS: colloids, FEBEX, disaggregation, bentonite, barrier, nuclear-waste repositories.

Colloids are particles with sizes ranging from 1 nm to
1 μm suspended in a fluid (Hiemenz & Rajagopalan,
1997). Colloids can be found in natural environments
in concentrations of 1010 particles per litre (Degueldre
et al., 1989) and their concentration, under certain
chemical conditions, depends heavily on their stability.
In low-salinity waters, colloid concentration is greater
than in saline environments, where colloids are
aggregated and thus the concentration of stable
particles decreases (Ryan & Elimelech, 1996;
Degueldre et al., 2000, 2009; Missana et al., 2003).

Colloidal particles are of concern because they have
been identified as responsible for the migration of
radionuclides over long distances (∼3 km) in some
sites (Penrose et al., 1990; Kersting et al., 1999;
Novikov et al., 2006). In addition, colloid size and
stability affect contaminant transport (Baik et al.,
2007; Vilks & Miller, 2009; Albarran et al., 2013;
Huber et al., 2014) and retention (Alonso et al., 2007).

Clays are ubiquitous in soils and, as a consequence
of their erosion, they are also found in groundwater as
colloids. Bentonite is a clay consisting mainly of
smectites (2:1 clay minerals), and is a candidate for
backfill material in nuclear-waste repositories to
prevent radionuclide migration (Dohrmann et al.,
2013). Bentonite colloids released from the bentonite
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barrier surface can act as contaminant carriers when
radionuclide-bentonite colloid complexes are formed
and are stable in suspension (McCarthy & Zachara,
1989).

Stability studies analyse colloid aggregation as a
function of pH, ionic strength, temperature, and the
presence of different multivalent ions or organic
ligands. The main measurable effect of aggregation is
the increase in mean particle size.

The stability of bentonite colloids, under different
chemical conditions, has been studied extensively
(Lagaly & Ziesmer, 2003; Missana et al., 2003 among
many others). Bentonite colloids are unstable and are
aggregated at acidic pH and when the ionic strength is
high (Missana & Adell, 2000; Missana et al., 2003;
Tombácz & Szekeres, 2004). However, the stability
behaviour of bentonite colloids under variable ground-
water conditions has scarcely been analysed. In
particular, it is not completely clear whether, once
aggregated, colloids can return to the fully disaggre-
gated state if chemical conditions become favourable
for their stability, or, in other words, if the aggregation
process is reversible.

Within the timeframes of nuclear-waste repositories
which include long-lived radionuclides with life-times
of millions of years, changes in environmental
conditions are expected. Recharge water (i.e. rivers,
lakes, rain, water from melting ice sheets, or
groundwater) may reduce groundwater salinity.
Therefore, although in high-salinity scenarios where
a low concentration of stable colloids is predicted
(Missana et al., 2003), a decrease in ionic strength
might prompt particle disaggregation which could
enhance the mobility of the colloids (McDowell-
Boyer, 1992; Ryan & Elimelech, 1996) and
radionuclides.

The disaggregation kinetics of bentonite particles
promoted by dilution in lower-ionic strength waters is
analysed in the present study by measuring their size in
comparison to the size of the initial stable suspension
upon the change in chemical conditions.

MATER IALS AND METHODS

The bentonite used for the present experiment was
the FEBEX bentonite obtained from the Cortijo de
Archidona deposit (Almería, Spain). It is composed
mainly of smectite (93 ± 2 wt.%), minor quartz (2 ± 1
wt.%), plagioclase (3 ± 1 wt.%) and cristobalite (2 ± 1
wt.%, and accessory K-feldspar, calcite and tridymite.
The bentonite has a cation exchange capacity (CEC) of
102 ± 4 meq/100 g, and a N2-BET specific area of

33 m2g–1. A comprehensive characterization of the clay
can be found in Huertas et al. (2000). Purification,
homo-ionization procedures and preparation of benton-
ite colloidal suspensions have been described elsewhere
(Missana et al., 2009).

A stable suspension of a homo-ionic Na-bentonite
colloid was set at 0.5 mM using NaClO4 as the
background electrolyte.

An aggregated bentonite colloid suspension was
prepared by taking an aliquot of the stable suspension
and bringing it to a high ionic strength using 0.1 M
NaClO4.

Disaggregation was promoted by diluting the
aggregated sample in two different background
electrolytes (mixed NaClO4 and Na+-Ca2+) at lower
ionic strengths (10 mM, 1 mM, and 0.5 mM).

Na+-Ca2+ mixed electrolyte solution was prepared
by dissolving 2 mmol of CaCl2·2H2O and 4 mmol of
NaCl in 1 L of deionized water to reach an ionic
strength of 10 mM. Solutions at lower ionic strengths
have been prepared by dilution. The Cl– or ClO4

–

present in solution are inert anions with little effect on
bentonite colloid stability.

Aggregation and disaggregation kinetics

Aggregation/disaggregation processes are followed
by measuring the mean hydrodynamic diameter of the
particles, their size distribution and their concentration
in solution. Two light-scattering techniques have been
used to measure the hydrodynamic diameter of
bentonite particles. Photon correlation spectroscopy
(PCS) was used to determine the mean hydrodynamic
diameter of particles in suspension (Novich, 1984) and
the highly sensitive single-particle counting (SPC) was
used to analyse the size distribution of particles and
their concentration (Degueldre et al., 1996b; Rossé &
Loizeau, 2003).

The original sample had a concentration of 500mgL–1

but, to facilitate the comparison, the concentration of
all samples was set at 2 mg L–1, which was imposed by
the maximum dilution from 0.1 M to 0.5 mM. This
concentration is similar to colloid concentrations
present in natural groundwaters (Degueldre et al.,
1989, 1996a), and it is also within the range of
bentonite colloid concentration recorded in bentonite
erosion experiments (Missana et al., 2009). In all
suspensions, the pH was maintained at 6.5 ± 0.5.

Photon correlation spectroscopy. PCS was applied to
measure the mean particle hydrodynamic diameter.
Experiments were carried out using a Zetasizer Nano S
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Malvern instrument in which dispersed light is
detected at 173° with respect to the laser source
(λ = 633 nm). Each solution was examined at 22°C in
10 × 10 × 45 mm disposable polystyrene rectangular
cuvettes, by fixing the measurement position at a
height of 4.65 mm. The hydrodynamic diameter was
determined as the average of three measurements
resulting from three individual runs of 10 s duration.

Kinetic aggregation tests. Kinetic aggregation tests
were carried out at a bentonite colloid concentration in
suspensions of 2 mg L–1 and the average hydro-
dynamic diameter was measured by PCS for 60 min.
Attachment efficiency, α, of colloid suspensions was
calculated from equation 1:

a ¼ 1

W
¼

ddh
dt

� �
t!0

ddh
dt

� �
fast

(1)

where, dh is the hydrodynamic diameter and W is the
stability ratio. Attachment efficiency is the ratio
between the variability of hydrodynamic diameter in
a sample ðddhdt Þt!0 with respect to the fast aggregation
regime ðddhdt Þfast, which is considered here as the rate of
aggregation of bentonite colloids in 0.1 M Na+-Ca2+

electrolyte.

Disaggregation kinetic tests. Disaggregation kinetic
tests were carried out at a bentonite colloid concentra-
tion of 2 mg L–1. Again, to follow the disaggregation
kinetics, the average hydrodynamic diameter was
measured by PCS for 60 min. The detachment
efficiency of the suspensions was evaluated using
equation 2:

Detachment efficiency ¼ �
ddh
dt

� �
t!0

ddh
dt

� �
fast

(2)

Detachment efficiency is determined as the ratio of the
variability of hydrodynamic diameter in a sample
ðddhdt Þt!0 with respect to the fast disaggregation
regime ðddhdt Þfast, which is considered to be the theoret-
ical disaggregation rate at which to reach an initial
stable hydrodynamic diameter.

Size distribution

For more detailed analyses of the stable colloid
distribution after disaggregation, a single particle

counter (SPC) was used. In SPC measurements, the
samples were measured just after dilution, without
shaking, allowing the largest particles to sediment
(Degueldre et al., 1996a, 2000; Bessho & Degueldre,
2009; García-García et al., 2009).

Single particle counter (SPC). Single particle counter
equipment includes two detectors: HSLIS-M50 and
HVLIS-C200, developed by PMT (Partikel-
Messtechnik AG). HSLIS-M50 was used to measure
colloidal particles in the 50–200 nm size range,
whereas HVLIS-C200 was used to measure colloidal
particles in the 200–5000 nm size range. The
wavelength of the laser source was 780 nm. Pure
water from the Milli-Q Plus system was supplied to the
experimental system at different flow rates: 100 and
500 mL min–1 for measurements in HSLIS-M50 and
HVLIS-C200, respectively. Polystyrene latex spheres
of different nominal size were used as standards to
calibrate the SPC instrument. Correlation factors
associated with each channel were calculated for
sample measurements.

The raw data measured were computerized using
Facility Net, the specialized software for particle-
measuring systems. This software produces the colloid
concentration corresponding to each size range in the
test solution, which is prepared by diluting small
amounts of original samples (5 mg L–1) with their
corresponding electrolytes and injecting to the instru-
ment by pump suction and mobilized by the water inlet.
The colloid concentration recorded for a particular size
range is normalized as a function of the size class, taken
as the mean diameter of the corresponding channel.
Thus, the normalized concentration (dN=dd) is
expressed in mL–1 nm–1 (equation 3):

dN

dd
¼

N dmin,dmaxð Þ
h i
dmax � dmin

(3)

Pareto’s law was applied to fit the experimental data.
Pareto’s law establishes that the normalized concentra-
tion the (dN=dd) in mL–1 nm–1, is related to the mean
diameter (d), according to equation 4:

dN

dd
¼ Ad�b (4)

where A and b are fitting parameters. The parameter b
can be obtained as the slope of the logarithmic form of
equation 4.

Pareto’s law has been applied to describe popula-
tions of natural colloids found in nature. This law can
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also be applied to settling particle velocity (Brun-
Cottan, 1976; Hawley, 1982).

The parameter b is related to the main processes
affecting colloid stability so that it delimits the areas
where aggregation is favoured or not (Lerman, 1979).
For b ≤ 4, the difference between the population of
small and large particles is small and aggregation is
favoured and for b ≥ 4, the difference between the
population of small and large particles is pronounced,
indicating that aggregation should not be favoured
(Degueldre et al., 1996a,b).

RESULTS AND DISCUSS ION

Aggregation kinetics

The evolution of the mean hydrodynamic diameter,
just after aggregation by increasing the ionic strength
from 0.5 mM in NaClO4 (stable suspension) to
different ionic strengths in Na+ or Na+-Ca2+ mixed
electrolytes is illustrated (Figs 1a,b, respectively) . The
diameter of the bentonite particles in the stable
suspension was 340 ± 10 nm.

Fast aggregation to hydrodynamic diameter of
>1 µm, occurred for ionic strengths of >10 mM in
the case of a Na+-Ca2+ electrolyte and at 0.1 M in the
case of NaClO4. In the Na+-Ca2+ electrolyte, aggrega-
tion is faster due to the aggregating effect of Ca2+

according to the Schulze-Hardly rule (Hiemenz &
Rajagopalan, 1997). At the lowest ionic strength (0.5
mM) the colloid diameter remained fairly constant at
340 ± 10 nm in Na+ electrolyte and increased slightly
to 360 ± 12 nm in Na+-Ca2+ electrolyte. By increasing

the ionic strength to 1 mM, the bentonite colloid
hydrodynamic mean diameter was 340 ± 45 nm in Na+

electrolyte and 340 ± 26 nm in Na+-Ca2+ electrolyte. In
the time frame of the present experiments, no relevant
changes in hydrodynamic diameter were observed
when the ionic strength increased to 10 mM in NaClO4

(390 ± 74 nm). In the Na+-Ca2+ electrolyte, however,
the particle hydrodynamic diameter increased signifi-
cantly to 1220 ± 490 nm at 10 mM. At ionic strengths
of >1×10–2M, the bentonite colloid hydrodynamic
diameter is greater in case of the Na+-Ca2+ electrolyte
because of the attaching properties of Ca2+. At 0.1 M,
aggregation is promoted in both electrolytes, reaching
average hydrodynamic diameters of 1200 ± 260 nm in
Na+ electrolyte and 1320 ± 470 nm in the Na+-Ca2+

electrolyte.
Particles begin to aggregate when the repulsive

forces weaken or become attractive. In the present
study aggregation was promoted by increasing the
ionic strength of the suspensions. Other factors in deep
geological repositories, such as particle concentration,
temperature or pressure, can also favour aggregation
because greater numbers of particles in suspension
enhance colloid interaction and larger sizes are
encountered.

The maximum aggregation of a system is difficult to
define, but it can be related to the aggregation rate
measured in the fast regime, which is achieved when
the diffuse double layer is supressed and the interaction
potential between the particles is purely attractive.
Thus, the aggregation derived from PCS experiments
can be described by the attachment efficiency
coefficients (equation 1). The attachment coefficients,

FIG. 1. Mean hydrodynamic diameter of bentonite suspensions measured as a function of time on different ionic
strengths (I ) and electrolyte background: (a) NaClO4 and (b) NaCl-CaCl2 corresponding to the aggregation kinetics.
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α, are the parameters generally used in stability
models. Their values range from 0 to 1, with 1
corresponding to the aggregation state in the fast
regime, and 0 to a stable suspension.

To calculate α, the initial slope on individual
aggregation kinetics shown in Fig. 1 was compared
to the fastest aggregation regime, considered here as
that of bentonite colloid suspension at 0.1 M in the
mixed Na+-Ca2+ electrolyte. The attachment efficien-
cies corresponding to ionic strength and electrolyte
background are presented in Fig. 2.

The attachment efficiency increases with increasing
ionic strength in both electrolytes because interactions
between particles are favoured. Differences in attach-
ment efficiencies between electrolytes are perceived at
the highest ionic strength value, when Ca2+ concen-
tration in solution increases, resulting in enhanced
particle coagulation due to attachment capability of
Ca2+, as has been observed previously (Degueldre
et al., 1996b, 2000; Missana et al., 2003).

In suspensions with greater ionic strength, as
aggregation advanced, the hydrodynamic diameter of
the particles continued to increase over time, because
suppression of the diffuse double layer favoured
colloid interactions and attachment, thus destabilizing
the suspension.

Disaggregation kinetics

Disaggregation experiments were carried out start-
ing with an aggregated bentonite colloid suspension in
NaClO4 at 0.1 M with an initial mean hydrodynamic
particle diameter of 3400 ± 450 nm and diluting it to
lower ionic strengths in Na or Na-Ca electrolytes.

To evaluate the kinetics of disaggregation, time-
resolved measurements were carried out by PCS for
60 min (Fig. 3). The hydrodynamic diameter of both
the aggregated and the stable suspensions are indicated
as lines.

Disaggregation occurred in all cases within <5 min.
After 60 min, the hydrodynamic diameters resulting
from disaggregation were: at 10 mM = 1120 ± 390 nm

FIG. 2. Attachment efficiency, α, of suspensions at different
ionic strengths (I) and electrolyte backgrounds – Na-Ca
mixed electrolyte ( ) and NaClO4 ( ). The fast regime was
taken as bentonite aggregation in NaCl-CaCl2 electrolyte at

0.1 M.

FIG. 3. Mean hydrodynamic diameter of bentonite suspensions measured as a function of time on different ionic
strengths (I ) and electrolyte background: (a) NaClO4 and (b) NaCl-CaCl2, corresponding to the disaggregation kinetics.
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in Na+ electrolyte and 1450 ± 220 nm in Na+-Ca2+

electrolyte; at 1 mM = 870 ± 150 nm in Na+ electrolyte
and 1350 ± 245 nm in Na+-Ca2+ electrolyte; and at
0.5 mM = 685 ± 300 nm in Na+ electrolyte and 870 ±
400 nm in Na+-Ca2+ electrolyte. It follows that the final
size decreases with decreasing ionic strength, but the
initial stable hydrodynamic diameter (340 ± 10 nm) is
not recovered, suggesting that once the bentonite
colloids are aggregated, disaggregation is not com-
plete, even in Ca2+-free solutions. Even when the
aggregated bentonite colloids at 0.1 M NaClO4 are
diluted in deionized water, the hydrodynamic diameter
of the recovered bentonite colloid was 486±72 nm,
indicating that the process is irreversible at least in the
time frame of the present experiment.

Similarly, the time-resolved data were used to derive
detachment coefficients (equation 2). The detachment
efficiency was determined in this case as the ratio of
diameter decrease ðddhdt Þt!0 corresponding to the fast
disaggregation regime. The initial size of the stable
suspension was not recovered and the fast disaggrega-
tion regime, ðddhdt Þfast, could not be determined experi-
mentally. The value considered was provided by the
sigmoidal curve used to fit the measured
ðddhdt Þt!0corresponding diameter in NaClO4 electrolyte.

Figure 4 shows the detachment coefficients calculated
by applying equation 2 to the disaggregation kinetics
experiments (Fig. 3). The detachment efficiency ranges
from 0 to –1, where 0 corresponds to the less prompted
disaggregation process and –1 corresponds to the most
favourable disaggregation conditions.

The detachment efficiencies determined for benton-
ite colloids increased with decreasing ionic strength in
both electrolytes because repulsive forces enhance, and
the steric hindrance avoids, particle attachment.
Disaggregation is more efficient in the case of the

FIG. 4. Detachment efficiency of suspensions at different
ionic strengths (I ) and electrolyte backgrounds – NaCl-
CaCl2 ( ) and NaClO4 ( ). The fast regime was taken as

the slope to reach initial stable size.

FIG. 5. Size distribution of suspensions in NaCl-CaCl2 ( )
and NaClO4 ( ) at different ionic strengths: (a) 10 mM; (b)

1 mM; and (c) 0.5 mM.
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NaClO4 electrolyte, whereby absolute values up to 0.8
were attained, indicating that disaggregation is
favoured at the lowest ionic strength and in the
absence of Ca2+, as was also observed for other
bentonites (Kaufhold & Dohrmann, 2008). When
comparing detaching efficiencies at a fixed ionic
strength, differences between electrolytes are better
observed when the ionic strength is lower.

Complete disaggregation was not obtained because
the maximum detachment efficiency (–1) was not
achieved (Fig. 4). Moreover, the initial stable hydro-
dynamic diameter was not fully recovered, at least
within the time frame of our experiments.

Size distribution

Single Particle Counter (SPC) was applied to in-
depth analysis of the size distribution of bentonite
particles after disaggregation. Samples that were taken
from the middle of the batch were not shaken to avoid
particle sedimentation, facilitating the analysis of the
stable fractions (Degueldre et al., 2000). The normal-
ized particle concentrations, measured in different size
intervals, on bentonite colloids disaggregated by
dilution to lower ionic strengths, are plotted in Fig. 5.

In both electrolytes, the particle concentration
decreased with increasing size. In the presence of Na+

electrolyte the 50–100 nm size detector channel is the
most populated, whereas in the Na+-Ca2+ electrolyte the
most populated size channels are within 50 and 300 nm,
being greater for diameters of >200 nm, as Ca2+ hinders
disaggregation.

This trend was also observed recently during
analysis of the size distribution of bentonite colloids

generated in different electrolytes (Albarran et al.,
2014). With increasing amounts of Ca2+, the concen-
tration of particles in the lower hydrodynamic diameter
channels (<150 nm) decreased.

It is remarkable that, even at high ionic strengths,
and in the presence of Ca, small colloids were detected
in disaggregated samples. Nevertheless, the total
particle concentration measured by SPC in disaggre-
gated samples is less than that in 0.5 mM NaClO4,
which is the initial stable suspension. Table 1 lists the
concentration ratios obtained by comparing the
concentration values (Fig. 5) to that of the stable
bentonite colloid suspension in 0.5 mM NaClO4.
Suspensions in NaClO4 have a concentration ratio
very close to that of primary suspension (∼0.91 on
average), but in the presence of Ca2+, the ratio of
concentration of disaggregated particles is small
compared to the original one (0.3 at best). Other
studies have also discovered lower bentonite colloid
generation in groundwater with divalent cations (e.g.
Missana et al., 2011).

Pareto’s law was applied to the normalized concen-
tration of particles (dN=dd) measured by SPC, using
equation 4. Table 2 shows the b parameters obtained by
linear regression of the whole curves. Parameter b is
greater in bentonite colloids disaggregated in NaClO4,
in agreement with the fact that Ca2+ hinders disaggre-
gation, but the b parameter always exceeds 4
nonetheless. Previous studies have reported b values
of 3–5 in natural waters (Rossé & Loizeau, 2003;
Gregory, 2006; Jonasz, 2007). Larger values (up to b =
20) have also been reported in waters (Attela & Kozel,
1997; Jonasz, 2007). Other works have reported b
values of ∼4 for groundwater colloids (Degueldre

TABLE 1. Concentration (particles, mL−1nm−1) ratio of stable
bentonite colloid concentrations, measured by SPC in disaggregated
suspensions, with respect to the initial stable bentonite suspension at

0.5 mM NaClO4, in the (50–5000) nm size range.

Experiment Particle concentration
measured/stable

particle concentration

From 0.1 M to 10 mM NaClO4 0.82
From 0.1 M to 1 mM NaClO4 0.95
From 0.1 M to 0.5 mM NaClO4 0.97
From 0.1 M to 10 mM NaCl-CaCl2 0.10
From 0.1 M to 1 mM NaCl-CaCl2 0.11
From 0.1 M to 0.5 mM NaCl-CaCl2 0.30
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et al., 2000; van Beek et al., 2010 and references
therein). Values of >4 are related to stable colloids
which are potentially mobile, whereas smaller b values
are attributed to less stable suspensions with restricted
mobility (Degueldre et al., 2000).

In safety analyses of nuclear-waste repositories in
crystalline rocks, bentonite colloid disaggregation may
occur over the long term. In those repositories
emplaced in geological formations with highly saline
groundwater usually rich in divalent cations, such as in
the Scandinavian Peninsula (Backblom, 1991), experi-
mental and model exercises predict negligible colloid
concentration (Missana et al., 2003; Chen & Huang,
2013; Gimeno et al., 2014; Gómez et al., 2014).
However, within the time frames of nuclear waste
repositories, changes in environmental conditions are
expected and fresh water inflow may reduce ground-
water salinity (e.g. the melting waters from ice sheets)
favouring bentonite particle disaggregation.

SUMMARY

Previous dynamic colloid-transport studies showed
that the relevance of particle diameter (Baik et al.,
2007; Vilks & Miller, 2009; Albarran et al., 2013;
Huber et al., 2014), therefore, and the potential risk of
bentonite colloids, disaggregated upon quick dilution,
being contributors to radionuclide migration within
repository host rock, would be limited if particles were
large or unstable. Disaggregation of bentonite colloids
is promoted effectively by decreasing ionic strength,
but the process is not fully reversible and initial stable
hydrodynamic diameters are not recovered, even at
lower ionic strengths and in the absence of divalent
cations. Nonetheless, the possibility of further disag-
gregation over longer time periods is not discounted.

CONCLUS IONS

Disaggregation of FEBEX bentonite colloids pro-
moted by dilution to lower ionic strength was studied
using Photon Correlation Spectroscopy (PCS) and
Single Particle Counting (SPC). The disaggregation
was initially quick, but a completely disaggregated
statewas not achieved, even at low ionic strength and in
the absence of divalent cations. In the presence of
divalent cations, the stable portion of disaggregated
colloids was very small compared to the original
sample (<10%) even at the lowest ionic strength, but it
was ∼70% in the absence of Ca. Partially disaggre-
gated particles would have restricted mobility, but
further disaggregation over longer times is not
discounted.
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