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Geochemical evidence for the application of nanoparticulate
colloidal silica gel for in-situ containment of legacy nuclear wastes

Pieter Bots,”™ Joanna C. Renshaw,® Timothy E. Payne,” M. Josick Comarmond,® Alexandra E.P.
Schellenger,® Matteo Pedrotti,® Eleonora Cali¢ and Rebecca J. Lunn®

Colloidal silica is a nanoparticulate material that could have a transformative effect on environmental risk management at
nuclear legacy sites through their use in in-situ installation of injectable hydraulic barriers. In order to utilize such
nanoparticulate material as a barrier, we require detailed understanding of its impact on the geochemistry of radionuclides
in the environment (e.g. fission products such as Sr and Cs). Here we show, through combining leaching experiments with
XAS analyses, that colloidal silica induces several competing effects on the mobility of Sr and Cs. First, cations within the
colloidal silica gel compete with Sr and Cs for surface complexation sites. Second, an increased number of surface
complexation sites is provided by the silica nanoparticles and finally, the elevated pH within the colloidal silica increases the
surface complexation to clay minerals and the silica nanoparticles. XAS analyses show that Sr and Cs complex predominantly
with the clay mineral phases in the soil through inner-sphere surface complexes (Sr) and through complexation on the clay
basal surfaces at Si vacancy sites (Cs). For binary soil — colloidal silica gel systems, a fraction of the Sr and Cs complexes with
the amorphous silica-like surfaces through the formation of outer-sphere surface complexes. Importantly, the net effect of
nanoparticulate colloidal silica gel is to increase the retention of Sr and Cs, when compared to untreated soil and waste
materials. Our research opens the door to applications of colloidal silica gel to form barriers within risk management
strategies at legacy nuclear sites.
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o Introduction
radioactive wastes and

their long-term Nuclear power at present provides approximately 10% of the

world’s electricity requirements. However, over six decades of

management, remediation and decommissioning are subjects
of public concern. To ensure long-term safety, risk mitigation
strategies such as hydraulic barriers are essential. Traditional
barrier materials (including cement and bentonite) require
high-pressure injection or excavation, neither of which is
desirable at contaminated nuclear sites. Because
nanoparticulate colloidal silica gel can be used with minimal
land disturbance, it is a promising alternative barrier material.
Prior to realizing the potential of such nanoparticulate
materials, it is essential to understand their impacts on risk
determining radionuclides and other contaminants. The
presented research reveals the mechanisms through which
colloidal silica gel inhibits the migration of Sr and Cs at legacy
nuclear sites.
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civil nuclear power generation, and a longer history of research
and military nuclear activities, have led to significant quantities
of radioactive wastes! and contaminated sites.?2 Contaminated
legacy sites include Hanford, WA, USA,3 4 Savannah River, SC,
USA,5 Sellafield, Cumbria, UK® 7 and the Little Forest Legacy Site
(LFLS), NSW, Australia.®8 Contamination at such sites can be a
result of historical containment strategies, e.g. shallow burial in
unlined trenches,? or from the deterioration of containment
structures that are now beyond their designed lifetimes.3 7
Radioactive contamination (e.g. Sr, Cs, Tc, U and Pu) has been
detected at many such legacy waste sites#10 indicating a
potential for further contamination during decommissioning
activities.

Long-term options to minimize the risks of such legacy sites can
include the installation of subsurface hydraulic or reactive
barriers to prevent contaminant transport.11-13 Retrofitting such
engineering options near-surface is problematic, as traditional
barriers use bentonite slurries or cementitious materials and
disturbance and
generates contaminated soil wastes for subsequent disposal.1l
Nanotechnology could play a pivotal role in minimizing risks at
nuclear legacy sites;* colloidal silica is an alkaline suspension of
silica nanoparticles that forms a very low permeability hydrogel

their installation causes significant soil



when destabilized by cations in a saline solution. It is promising
as an alternative barrier material due to its initial low viscosity,
chemical inertness, and negligible toxicity.12 13 These properties
could make colloidal silica gel an ideal material for in-situ
environmental containment. To realize the potential of
nanoparticulate colloidal silica for legacy nuclear sites, it is first
necessary to understand such nanomaterials’> and their
respective impacts on the mobility of contaminants,4
specifically radionuclides.s 16

Radionuclides are produced during the generation of nuclear
energy and are present within wastes and as soil and
groundwater contaminants. The fission products Cs and Sr are
common contaminants at nuclear legacy sites*® 2 and Cs is
additionally important for the management of risk after nuclear
accidents.17-19 |t is thus essential to consider these elements
during the development of risk management strategies for
(legacy) nuclear wastes, potential contamination and/or
accidents.® The mobility of Sr and Cs in soils and groundwater is
controlled by surface reactions.17. 20 Sr complexes strongly with
metal oxides (e.g. TiO,, FeOOH, Fe304)21%> through surface
complexation reactions, and with clay minerals (e.g., talc,”
illite, illite-smectite mixed layered phases,25-27 bentonite,28 and
kaolinite24 29) through both surface complexation and cation
exchange reactions.’. 28 30 Cs interacts strongly with clay
minerals through cation exchange reactionsl?. 26, 31, 32 gnd
through surface complexation on the basal surface of clay
minerals.33-36 Furthermore, at low/trace concentrations, Cs can
be irreversibly immobilized through diffusion into the
interlayers of 2:1 clay minerals such as illite.37 Such (surface)
reactions can be heavily impacted by pH within the soils and
groundwater,5. 16.17. 25,38 gnd by competing cations (such as Na
and Ca).5 625,27, 38 At elevated alkalinity (i.e. elevated pH and in
a CO; rich atmosphere) Sr can be immobilized through the
formation of strontianite (SrCO3).24 39, 40

The components of colloidal silica gel, when injected into
contaminated soils, will perturb the Sr and Cs geochemistry and
the respective surface reactions. Silica nanoparticles within
colloidal silica gel exhibit a large internal specific surface area,
with an amorphous silica-like structure (potentially) available
for Sr and Cs surface complexation.24 39 41 The porewater in
gelled colloidal silica also has an elevated pH, potentially
enhancing retention of Sr and Cs through increasing surface
complexation to (clay) minerals and the silica nanoparticles (20,
21, 36-38).24 25, 38, 39,41 However, a high ionic strength due to a
saline accelerant used to induce gelling> 42 could cause
(increased) competition between cations in the accelerant with
contaminants for surface complexation processes*! inducing
the release of Sr and Cs from mineral components into the
colloidal silica porewater. This could lead to diffusion of
contaminants through the gelled materials#2 and subsequent
release of radionuclides into the groundwater. Thus, a
comprehensive understanding of these competing impacts on
the geochemistry, fate, mobility and speciation of
contaminants, such as Sr and Cs, is required to underpin the use
of nanoparticulate colloidal silica materials for contaminant
control.14-16
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Here we investigated the competing impacts of colloidal silica
gel on radionuclide mobility in clayey soil and waste materials.
We performed a comprehensive set of experiments and
complementary state-of-the-art analyses on the gelling of
colloidal silica and the impacts on Sr and Cs geochemistry. First,
Sr and Cs were adsorbed onto soil and waste materials (Table
S1). Next, these contaminated solids were embedded in
colloidal silica, gelled with either 1.4 M NaCl [Na-CS] or 0.175 M
CaCl, [Ca-CS] as the accelerant. Subsequent leaching
experiments were performed, including complementary XAS
analyses, to determine the impacts of colloidal silica gel on the
mobility and speciation of Sr and Cs.

Materials and methods

The minerals and solid materials used to create the solid
mixtures (described in Table S1) were purchased from Sigma
Aldrich except for the illite-smectite mixed layer (70/30
ordered), which was purchased from the Clay Mineral Society
(special source clay: ISCz-1). These minerals and solids were
mixed to simulate clayey soil and degraded waste compositions
(Table S1). All chemicals used in the experimental methods
were analytical grade reagents obtained from Sigma Aldrich,
except for the Sr-85 and Cs-137 stock solutions which were
obtained from Eckert-Ziegler, and the colloidal silica gel (MP
325), which was obtained from BASF. The colloidal silica
nanoparticles, and the gelling of the colloidal silica with 1.4 M
NaCl and with 0.175 M CaCl; in the accelerant were imaged
using a Jeol 2100F transmission electron microscope (TEM)
operating at 200 kV. Full details on the methods and the
justification of the treatment of the data are described in the
Electronic Supplementary Information.

Leaching Experiments

In order to produce contaminated solids, adsorption
experiments were performed with 10 g/l of simulated clayey
soil, simulated waste, or a mixture thereof (Table S1). These
adsorption experiments were performed in a 10 mM NaCl
solution at pH 7 either at trace (environmentally relevant)
concentrations of Sr-85 and Cs-137 radiotracers (20 Bq/ml Sr-85
and Cs-137) or at elevated concentrations (to enable
comparison with XAS analyses) of stable Sr and Cs (25 ppm Sr
and Cs). After equilibrating these adsorption experiments for 48
hours, the pH was analysed, aqueous samples were taken for
subsequent analyses and the contaminated solid samples were
separated from the supernatant (Table S2). These solid samples
were mixed with 5 ml colloidal silica and 1 ml of an accelerant
consisting of either 1.4 M NaCl [Na-CS] or 0.175 M CaCl; [Ca-CS]
to induce gelling of the colloidal silica. These samples cured for
7 days, after which leaching was induced by adding 20 ml of 10
mM NaCl as leaching solution/supernatant to the experiment.
To mimic the respective interaction with flowing groundwater
around a potential colloidal silica based barrier, a fixed volume
of the supernatant was replaced for an equal volume of
uncontaminated 10 mM NaCl over a four week [4wk] or a six
month [6mth] period. While replacing the supernatant, the pH
was determined and subsequently the composition of the
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replaced supernatant was analysed. A set of parallel desorption
experiments (at pH 6.5-7) on similar contaminated samples,
which had not been embedded in colloidal silica gel, were
performed over a two-week period. The experimental
procedures of the leaching and parallel equilibrium desorption
experiments are summarized in Table S3.

Aqueous analyses. The samples from the experiments at trace
concentrations of Sr-85 and Cs-137 (20 Bg/ml) were acidified
(with 0.1 ml concentrated HCI) prior to y-spectroscopy to
analyse for Sr-85 and Cs-137 (ORTEC P-type high purity
germanium detector coupled to ORTEC DSPec Pro digital
spectrometers) and subsequent ICP-AES analyses for Ca and Na
(Varian Vista AES). The activity concentrations of Sr-85 and Cs-
137 were subsequently decay-corrected to correspond to the
start of the adsorption experiments; all reported activity
concentrations correspond to the total activity at the start of
the adsorption experiments. The samples from the experiments
at elevated concentrations of Sr and Cs (25 ppm) were filtered
through 0.2 um PVDF syringe filters prior to cation
chromatography to analyze for Sr, Cs, Ca and Na (Metrohm 850
Professional IC AnCat, using a C6 cation exchange column and
an eluent containing 4.5 mM HNO3 and 1.5 mM dipicolinic acid).
X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS), is a powerful tool to
determine the speciation of contaminants, including the
respective mobility and bioavailability, and the impacts of
environmental engineering strategies on the speciation of
contaminants.16. 17, 20,43 To produce samples for XAS analyses,
complementary adsorption and leaching experiments were
performed. Adsorption experiments were performed on soil
samples at 25 ppm Cs and on soil/waste samples at 25 ppm Sr
as described above. 0.4 g of the resulting contaminated samples
(Table S2) were mixed with 0.333 ml of colloidal silica and 0.067
ml of either 1.4 M NaCl [Na-CS] or 0.175 M CaCl; [Ca-CS] as the
accelerant within a 4 ml cryo-centrifuge tube, and cured for 7
days. Leaching of Sr or Cs was induced by submerging these 4
ml cryo-centrifuge tubes into 40 ml of 10 mM NaCl as the
supernatant for 20 days. The pH was analysed and 2.5 ml of the
supernatant was sampled 5 times over the 20 day duration and
analysed as described above. After 20 days the 4 ml cryo-
centrifuge tubes were collected, sealed and stored prior to XAS
analyses.

X-ray absorption spectroscopy on samples and suitable
standards (Table S4) was performed at the general purpose XAS
beamline (B18) at Diamond Light Source** on the Cs K-edge
(35,985 eV) using a Si(311) monochromator and the Sr K-edge
(16,105 eV) using a Si(111) monochromator. The energy of the
X-rays was calibrated using an yttrium foil (for the Sr K-edge)
and an antimony foil (for the Cs K-edge). The samples were
analysed for their spectra in fluorescence mode using a 36-
element Ge detector, and the standards were analysed in
transmission mode. The spectra were processed and analysed
using the Demeter software package.*> Athena was used for
data reduction and background subtraction. Artemis was used
to fit the Fourier Transform (in R-space) of the EXAFS spectra.
FEFF64 was used to calculate the (initial) Sr and Cs scattering
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paths using models / crystallographic information files for Sr
and Cs, developed using illite crystallographic information.4”

Ungelled colloidal silica nanoparticles

Fig. 1. TEM images from the colloidal silica gel used during the experiments, showing
single 7.5 nm SiO;, nanoparticles (a) which subsequently form clusters of nanoparticles
after mixing the colloidal silica with an accelerant: (b) 1.4 M NaCl or (d) 0.175 M CaCl,,
ending in gelled colloidal silica consisting of chains of colloidal silica (c and e). The scale
bar in all TEM images represents 20 nm, and the dashed white circles were used to
emphasize the presence of SiO, nanoparticles.

Results and discussion

Colloidal silica gelling and the properties of contaminated solid -
colloidal silica gel systems

In this study we utilized a commercially available colloidal silica
(MasterRoc MP 325)48 which consists of a pH 10, 0.14 M Na*
(from Na,O) solution with 15 weight% dispersed silica
nanoparticles (diameter: ~7.5 nm.; Fig. 1a). When mixing the
colloidal silica with a saline solution (1.4 M NaCl or 0.175 M
CaCl, as the accelerant, at a colloidal silica:accelerant ratio of
5:1) gelling is induced.12 13 Cations within the saline accelerant
cause a reduction in the negative {-potential of the silica
nanoparticles*®-53  through surface complexation with
deprotonated silanol sites>2 and a decrease in the thickness of
the (electric) diffuse layer associated with negatively charged

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




silica surfaces.59-52 This enables closer approach of the silica
nanoparticles2 13 and subsequent cluster formation (Fig. 1b
and d). Diffusion limited cluster aggregation4® 51 then results in
the formation of a fractal-like network of colloidal silica chains
(Fig. 1c and e).*® Concurrent to the cluster formation and
aggregation processes, silica growth occurs around the contacts
between silica nanoparticles (the formation of “necks”) (Fig. 1c
and e) in order to reduce the interface curvature and thus
minimize the surface free energy, e.g. through a monomer
addition mechanism.>4 55 This gelling process results in the
formation of a very low permeability silica hydrogel with an
internal specific surface area of ~80 m2/ml and ~93 % (by
volume) of interconnected nanopores saturated with saline
water. The induction time to the gelling process can be
controlled by varying the pH or the concentration and type of
accelerant, such as 1.4 M NacCl (Fig. 1b and c) or 0.175 M CaCl,
(Fig. 1d and e).12 Once injected into a soil, gelling of the colloidal
silica results in a very low permeability system that inhibits
advective flow, which could make such a binary soil — colloidal
silica gel system ideal for hydraulic barriers.

To determine the impacts of such binary soil — colloidal silica gel
systems on radionuclide speciation and mobility (both for pre-
existing radionuclides within a potential barrier and for
radionuclides leached from wastes after barrier formation), we
first produced contaminated samples with solid compositions
representative of clayey soils at nuclear legacy sites® and waste
materials likely present at such sites. These contaminated
samples were produced by performing a set of adsorption
experiments on model soil minerals and waste components
(Table S1) at (environmentally relevant) trace concentrations
(using radiotracers: Sr-85 and Cs-137) and at elevated
concentrations (to enable comparison with subsequent XAS
analyses). The results of these initial adsorption experiments
(Table S2) show distribution coefficients (Kp) at values
comparable to previous experiments on single clay mineral
phases and soils, and from surface complexation modelling.18
21,26,27,31,32,38 Comparing the Kp values of the contaminated soil
with previous studies, indicates that for the soil and soil/waste
mixtures the mobility of Sr and Cs is dominated by their
interaction with clay minerals, e.g. through surface
complexation on the basal surface3% 35 and potentially
incorporation into the interlayer.25 28,37 |n the absence of clay
minerals, the Kp values are lower and likely governed by the
interaction of Cs and Sr with metal oxide phases (i.e. magnetite,
Fes304).2! To create the binary contaminated solid — colloidal
silica gel samples for subsequent leaching experiments, we then
embedded these contaminated solids (Table S2) within colloidal
silica gel and induced gelling with either 1.4 M NaCl [Na-CS] (Fig.
1b and c) or 0.175 M CaCl, [Ca-CS] (Fig. 1d and e) as the
accelerant.

Leaching experiments on contaminated solid — colloidal silica
systems

Leaching experiments on the binary systems containing
colloidal silica gel and contaminated solids were performed
with 10 mM NacCl. To mimic the interaction of the solids with
uncontaminated mobile groundwater, the supernatant was
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repeatedly replaced with an equal volume of uncontaminated
10 mM NacCl. During the replacement of the supernatant, the
solutions were analysed for the pH and subsequently for their
cation composition. The leaching experiments had a total
duration of four weeks [4wk] or six months [6mth] (trace Sr and
Cs contamination only, to determine the influences of rate vs.
equilibrium behaviour). To evaluate the impacts of colloidal
silica on Sr and Cs geochemistry, parallel equilibrium desorption
experiments (without colloidal silica) were performed so that
impacts of the colloidal silica gel on the mobility of Sr and Cs
could be determined. To inform on these impacts we used their
aqueous concentrations in the supernatant to calculate the
apparent distribution coefficients and compare these to the Kp
values from the parallel equilibrium desorption experiments.
Full details of these experiments are given in the Methods and
Materials and summarized in Table S3.

The results from the leaching and equilibrium desorption
experiments are summarized in Fig. 2 and Table S2. In brief, the
apparent Sr and Cs Kp values vary between those experiments
conducted at trace concentrations and those conducted at
elevated Sr and Cs concentrations (Fig. 2), as well as between
the 4wk and the 6mth experiments. In the presence of colloidal
silica, the (final) apparent Kp values were up to 2 orders of
magnitude higher for Sr and up to 1 order of magnitude higher
for Cs compared to the Kp values obtained from the parallel
equilibrium desorption experiments (without colloidal silica
gel). Moreover, in all cases, the (final) apparent Kp values were
in excess of those obtained from the parallel equilibrium
desorption experiments. This suggests that the colloidal silica,
including the impacts of the porewater geochemistry (i.e. pH
and competing cations from the accelerant) improved the
capacity of the contaminated solid — colloidal silica gel systems
to retain and immobilize Sr and Cs.

The pH remained relatively stable during the leaching
experiments at elevated (mg/g) Sr and Cs concentrations (Fig.
2a and e). Only a small initial pH increase, from 9.5 up to ~10
was observed (Fig. 2a and e) during the initial stage of
equilibration between the supernatant and the porewater
geochemistry. After this, the pH gradually decreased to 9.5, due
to the continued removal of OH- while replacing the
supernatant. The relatively stable pH during these experiments
was caused by a high buffer capacity of the colloidal silica gel
and a limited exchange with atmospheric CO,. Conversely,
because the leaching experiments at trace Sr and Cs
contamination were continuously exposed to atmospheric CO,
(to more closely represent environmental conditions), the
continuous ingress of acidic CO, caused the pH in these
experiments to decrease to ~8 (Fig. 2a and e). Finally, the
differences between the 4wk and 6mth leaching experiments at
trace Sr and Cs contamination allowed more CO; to diffuse into
the supernatant and the porewater between each point the
supernatant was replaced, thus during the 6mth leaching
experiment the initial increase in pH is absent.

This journal is © The Royal Society of Chemistry 20xx
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Accelerant: 1.4 M NaCl [Na-CS]

Accelerant: 0.175 M CacCl, [Ca-CS]

szupematantlv porewater szupemalantN porewater
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
11 L L 1 L L 1 L 1 L 1 L L 1 L L L 11
e
10 - 10
T o u—é’ng * ““’999‘?&"3 BRI IOCIFARABAAABRAA T
2 94 “-o..._ oo TBopa o 'n.ﬂ_B_n -9 2
T O-0.o. 0 0B Bo.p.0-
8 oo gT Booogongse |
0-0-0-0- 000
. 10" 1 ""o"'-o---.o._,g___g o-0 r10°
—_~ m -.--O w —
o p10° o
E . E
(=] 10 [a]
h'd h'd
k= c k=
[o) ___ -3 D01 .b.ﬂ- naa;na_-,-n @
5 10° 4 :88 8 tl---- _E — ---mqﬂ&m@--- B:0-8- ”‘n—n.____r 10* T
g T TITTENE &= LR g
2] % )]
< & 004 n,‘,a'&a‘ 968 Fi00 § <
102 h r 102
1600 1600
— 1200 - - 1200 —
£ £
Q Q
£ 800 4 - 800 &
] ©
Z 400 4 - 400 Z
U T L] L] T L] L] T L] 0
0 5 10 15 20 25 30 35 40 ik o2s
szupernatanleorewater _o.‘--o----'o"_. o L 20 ,é..
10 ml of supernatant replaced 20 times over 4 weeks [4wk] o L5 &
--o--  soil/waste; 2.2 kBg/g Cs-137 + 1.5 kBg/g Sr-85 a U."' [ 1o =
--%--  soil/waste; 0.31 mg/g Cs + 0.58 mg/g Sr A~ - (@]
--5F-- waste; 0.04 mg/g Cs + 0.20 mg/g Sr = S
--&-- soil; 0.59 mg/g Cs + 1.02 mg/g Sr r 0

20 ml of supernatant replaced 10 times over 6 months [6mth]
--»-- soillwaste; 2.2 kBg/g Cs-137 + 1.5 kBqg/g Sr-85

szupematantN porewater

Fig. 2. Summary of the aqueous analyses on all leaching experiments performed over 4 weeks [4wk] and 6 months [6mth] using colloidal silica gelled with 1.4 M NaCl
[Na-CS] (a-d) and with 0.175 M CaCl, [Ca-CS] (e-i). The pH (a, e), apparent K, values for Sr (b, f) and Cs (c, g), the Na concentration in the supernatant (d, h) and the Ca
concentration in the supernatant (i) are plotted against the cumulative volume of the leaching solution/supernatant divided by the pore volume within the gelled
colloidal silica (ZVsupernatant/ Vpoerwater) @s @ qualitative measure of the amount of uncontaminated groundwater interaction with a potential colloidal silica based barrier,
and to enable direct comparison between the different sampling/supernatant replacement regimes at trace (kBg/g) contamination. The legend describes the sampling
regime [4wk vs. 6mth] and the composition of the original contaminated solid on which the leaching experiments were performed. The title above the graphs describe
the accelerant used to gel the colloidal silica [Na-CS vs. Ca-CS]. The horizontal dashed lines in b, c, f and g represent the parallel desorption K values in which colours
refer to the composition of the original contaminated solid used in the desorption experiment (see legend).

During all leaching experiments, Na from the accelerant (Na-CS)
and/or the colloidal silica (Na-CS and Ca-CS) is released into the
supernatant. Over time, the (measured) Na concentration in the
supernatant decreased to approach that of the uncontaminated
supernatant (10 mM/230 ppm Na; Fig. 2d and h). For all
experimental conditions used (trace vs. elevated Sr and Cs
contamination; Na-CS vs. Ca-CS; 4wk vs. 6mth), very similar
results were observed. This suggests that neither the time

This journal is © The Royal Society of Chemistry 20xx

interval between supernatant replacement points, nor the
variations in the pH affected the release of Na from the colloidal
silica porewater. Rather, this suggests that the release of Na
from the colloidal silica was governed by equilibrium conditions
throughout all leaching experiments. In contrast, the Ca
concentrations during the Ca-CS leaching experiments do show
significant differences depending on the level of Sr and Cs
contamination and between the 4wk and 6mth leaching
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experiments (Fig. 2i). Briefly, there is an increase in the Ca
concentration during the leaching experiments at trace Sr and
Cs contamination (exposed to atmospheric CO,, Fig. 2i).
Furthermore, of these two leaching experiments, the 6mth
leaching experiment showed the largest increase in the Ca
concentration (Fig. 2i). These two observations suggest that
both pH variations due to CO; ingress and rate constraints
influence the release of Ca from the colloidal silica porewater.
The impacts of colloidal silica gel on the apparent Kp values at
elevated Sr and Cs contamination. For the solid — colloidal silica
gel systems at elevated levels of Sr and Cs contamination, the
apparent Kp values during the Na-CS leaching experiments
increased from 3.240.7-103 ml/g and stabilized at 4.6+0.8-10%
ml/g for Sr, and from 7.74£0.5-102 ml/g and stabilized at 4+1-103
ml/g for Cs (Fig. 2b and c). During the Ca-CS leaching
experiments, a similar trend was observed: the apparent Kp
values increased from 4.0+0.2:103 ml/g and stabilized at
1.240.2:104 ml/g for Sr, and from 1.3+0.1-103 ml/g and
stabilized at 3.1+0.9-103 ml/g for Cs (Fig. 2f and g).

In all cases, the apparent Sr Kp values were higher compared to
the parallel equilibrium desorption Kp values (dashed horizontal
lines in Fig. 2b,c,f,g and Table S2). The evolution of the apparent
Sr and Cs Kp values from these leaching experiments did not
vary significantly with the composition of the solid materials
(including the presence or absence of clay minerals, Table S1).
Conversely, the composition of the solid materials did impact
on the initial level of contamination (0.20-1.02 mg/g Sr and
0.04-0.59 mg/g Cs; Table S2) and their equilibrium desorption
Kp values (dashed horizontal lines Fig. 2b,c,f,g, Table S2). These
observations show that the initial solid composition had a
limited role in the leaching (and mobility) of Sr and Cs from the
contaminated solid — colloidal silica gel system. This indicates
that the silica nanoparticles provided surface complexation
sites for Sr24.39 and Cs.4! This is likely aided by the elevated pH
throughout these leaching experiments (Fig. 2a and e),
improving the capacity of the contaminated solids to immobilize
Srand Cs.

The decrease in the Na concentrations in the supernatant
during the Na-CS and the Ca-CS leaching experiments coincided
with the increase in the apparent Sr and Cs Kp values (Fig. 2b-
d,f-i). This difference is emphasized in Fig. 3a and b when
plotting the apparent Cs Kp values against the Na concentration
in the supernatant, including the respective inverse power
regressions. This suggests that Na competed with Sr and Cs for
adsorption sites, and a decrease in the Na content of the solid —
colloidal silica gel system provided an increase in Sr and Cs
adsorption sites and respective apparent Kp values. This
confirms that competition of Sr and Cs with cations in the
accelerant impact on their speciation and mobility, as suggested
by Hakem et al.> from batch adsorption experiments.

During the initial stages of the Na-CS leaching experiments, the
apparent Cs Kp values were significantly lower compared to the
Ca-CS experiment (Fig. 2c and g). This difference disappeared
once the Na concentration in the supernatant (released from
the accelerant and from the colloidal silica) approached ~230
ppm (10 mM) in both sets of experiments (Fig. 2c and g). The
inverse power regressions in Fig. 3a emphasize that Na
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competed for Cs adsorption to the solid materials within the
Additionally, the the
regressions between the Na-CS and Ca-CS leaching experiments
(Fig. 3a) suggest that Ca had a minor impact on the mobility of
Cs within gelled colloidal silica. This shows that Ca did not
significantly compete with Cs for adsorption sites in the
contaminated solid — colloidal silica gel systems.

samples. minimal differences in

The apparent Kg values as a function of the Na
concentration during the leaching experiments at
elevated Sr and Cs contamination
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Fig. 3. The apparent Kp values from the leaching experiments (Fig. 2b,c,f,g) as a
function of the Na concentration as measured in the supernatant (Fig. 2d and h)
plotted on a log-log scale. Panels a and b: The apparent K, values for Cs (a) and Sr
(b) from all the leaching experiments at elevated Sr and Cs contamination for the
Na-CS (green) and the Ca-CS (orange) leaching experiments, including power
regressions (solid opaque lines) and their respective 99% confidence intervals
(dash-dotted opaque lines). Panels c and d: The apparent Sr K, values from the
leaching experiments at trace Sr and Cs contamination during the 4wk and 6mth
experiments are plotted for Na-CS (c) and Ca-CS (d), including the apparent Sr Kp
values from the leaching experiments at elevated Sr and Cs contamination
(colours are identical to b), the opaque curved arrows show the deviation of the
apparent Sr Kp values from the regression (b) and are intended as a visual guide
only, the arrows and numbers represent the pH values of the supernatant when
the apparent Sr K values deviated from the regression.

This journal is © The Royal Society of Chemistry 20xx



During the initial stages of the Na-CS and the Ca-CS leaching
experiments the apparent Sr Kp values are similar (Fig. 2b and
f). However, the apparent Sr Kp values stabilized at higher
values during the Na-CS experiments as compared to the Ca-CS
experiments (Fig. 2b and f). Furthermore, when plotting the
apparent Sr Kp values against the Na concentration (Fig. 3b) an
inverse power relationship similar to Cs can be observed. This
emphasizes that Na competed with Sr for adsorption onto the
solid materials (Fig. 3b). Conversely, a large difference is
observed in the inverse power regression between the Na-CS
and Ca-CS leaching experiments (Fig. 3b), suggesting that Ca
competed strongly with Sr for adsorption onto the solid phases
throughout the leaching experiments. This competition resulted
in significantly lower apparent Sr Kp values when Ca was used
as the accelerant to induce gelling of the colloidal silica in the
preparation of the binary contaminated solid — colloidal silica
systems.

The impacts of colloidal silica gel on the apparent Kp values at
trace/environmental Sr and Cs contamination. The leaching
experiments on the trace Sr and Cs contaminated solid —
colloidal silica gel systems were performed with two different
durations of 4 weeks (4wk) and 6 months (6mth), and
corresponding different times between each supernatant
replacement point (Fig. 2 b,c,f,g). The apparent Cs Kp values
during these experiments did not differ between the 4wk and
6mth experiments (Fig. 2c and g). This suggests that at trace
levels of contamination, Cs leaching and mobility are governed
by (surface) thermodynamic rather than rate/kinetic
constraints.

During the Ca-CS leaching experiments, the apparent Cs Kp
values were constant throughout the leaching experiments
(9+1-103 ml/g; Fig. 2g) at approximately the same value as the
Kp value from the parallel equilibrium desorption experiment
(7£2-103 ml/g; Fig. 2g and Table S2). This suggests that the
presence of Ca in the Ca-CS leaching experiments did not
compete with Cs for adsorption or ion exchange sites.
Interestingly, at trace concentrations in the batch adsorption
experiments of Hakem et al.,5 in the absence of illite or illite-
smectite phases, a decrease in the Cs Kp was observed for a soil
— colloidal silica gel system with Ca in the accelerant. This
implies that in the presence of illite or illite-smectite phases
(Table S1) the apparent Cs Kp value was governed by the illite-
smectite phase, likely through incorporation into their
interlayers (inaccessible for Ca).37

During the Na-CS leaching experiments, the apparent Cs Kp
value was initially lower (3.6+0.1-103 ml/g; Fig. 2c) than the Kp
value from the parallel equilibrium desorption experiment
(7£2-103% ml/g) but steadily increased to a higher value
(1.6%£0.2-:10% ml/g) (Fig. 2c and g). This steady increase was
concurrent with a decrease of the Na concentration in the
supernatant (Fig. 2d). When comparing this to the Ca-CS
leaching experiments, these observations imply that initially,
competition between Na and Cs decreased the apparent Kp
values compared to the parallel desorption experiments.
However, during the latter stages of the experiments, once the
Na concentrations were similar between the Na-CS and the Ca-
CS leaching experiments, the elevated apparent Cs Kp values in
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the Na-CS system (Fig. 2c and g) suggest Cs was not being
released from the illite-smectite interlayers. Recent studies
have shown that due to the small ionic radius of Na compared
to Cs,5% interaction of Na with the frayed edge sites on 2:1 clay
minerals (like illite) can induce a collapse of the frayed edge
sites,>” blocking the release of Cs from interlayer sites.>® These
observations suggest that once the Na concentration decreased
sufficiently, the collapsed frayed edges prevented leaching of
the remaining Cs from the interlayer of the illite-smectite
phase37 resulting in the observed increase in the apparent Cs Kp
values (Fig. 2c). This hypothesis is further supported by a direct
comparison of the Cs Kp values from the parallel equilibrium
desorption experiments using deionised water (18.2 MQ, Dl),
and 10 mM NaCl as the supernatant (in Table S2); in DI, where
Na is not present, the Kp value was significantly lower.

At trace Sr and Cs contamination, the apparent Sr Kp values
initially appear to mimic the trends observed during the
experiments at elevated Sr and Cs contamination (Fig. 2b and f).
This suggests that, initially, the silica nanoparticles control the
leaching of Sr. However, once the pH in the supernatant drops
below 9.0-9.3 due to the ingress of atmospheric CO,, the
apparent Sr Kp values deviated from the experiments at
elevated concentrations (Fig. 2a,b,e,f, Fig. 3c and d). During the
Na-CS leaching experiments, the apparent Sr Kp continues to
decrease to values of 1:10% ml/g or 4-103 ml/g in the 4wk or
6mth experiments, respectively (Fig. 2b). During the Ca-CS
leaching experiments, the apparent Kp values decreased to
values of 4-103 ml/g or 1-103 ml/g in the 4wk or 6mth
experiments, respectively (Fig. 2f). These trends are further
illustrated in Fig. 3c and d by the deviation from the inverse
power regression observed in the apparent Sr Kp values during
the leaching experiments at elevated Sr and Cs contamination
(as emphasized by the opaque arrows). The pH values (pH 9.0-
9.3) below which the apparent Sr Kp values deviate from the
power regression (Fig. 3cand d) correspond with the adsorption
edges for Sr adsorption to amorphous silica.3® Hence, for Sr at
trace level contamination, the observed decrease in the
apparent Kp values was likely a result of pH induced desorption
of Sr from the silica nanoparticle surfaces.

Finally, for the Na-CS and the Ca-CS leaching experiments, the
final pH values in, both, the 4wk and 6mth leaching experiments
were pH 8-8.5 compared to 9.5-10 during the leaching
experiments at elevated Sr and Cs contamination (Fig. 2a and
e). However, the difference between the final apparent Sr Kp
values was larger between the 4wk and 6mth experiments
compared to the leaching experiments at elevated Sr and Cs
contamination. The final apparent Sr Kp values were
significantly lower for the 6mth leaching experiments than the
4wk leaching experiments (Fig. 2b and f and Fig. 3c and d). This
indicates that the duration between each point when the
supernatant was replaced (and the resulting equilibration time)
impacted on the quantity of Sr leached from the soil/waste
samples, and that rate constraints influenced the release of Sr.
Possible rate-limiting reactions are desorption of Sr from the
silica nanoparticles and the diffusion of Sr through the colloidal
silica porewater. Nevertheless, even in the 6mth experiments,
the apparent Sr Kp values continuously exceeded the Kp values
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from the parallel equilibrium desorption experiments (Fig. 2b
and f, Table S2). This suggests that even at these lower pH
values, silica nanoparticles provided abundant sites for Sr
adsorption.

Sr and Cs speciation through X-ray absorption spectroscopy (XAS)

To further develop (and validate) our conceptual model on the
impacts of colloidal silica on the geochemistry of Sr and Cs, we
performed a complementary set of leaching experiments to
produce samples suitable for Sr and Cs K-edge XAS. To optimize
the respective samples for Sr and Cs XAS analyses, these
experiments involved separately adsorbing Sr or Cs to produce
the contaminated samples (to prevent potential competition
between Sr and Cs for adsorption sites, Table S2). These
contaminated solid samples were embedded in a proportionally
smaller amount of colloidal silica (minimizing the dilution of the
Sr or Cs concentration). Aqueous samples to analyse for the
apparent Kp values were obtained without replacing the
supernatant to prevent excessive cumulative Sr and Cs leaching.
Fig. S1 summarizes the results from these leaching experiments
(apparent Kp values and Na and Ca concentrations). Briefly, due
to the smaller amount of colloidal silica gel and without
supernatant replacement, the absolute apparent Sr and Cs Kp
values were different compared to the previous Sr and Cs
leaching experiments (Fig. 2). However, the initial apparent Kp
values are of the same order of magnitude and the apparent Kp
values show the same variability between Na-CS and Ca-CS.
Hence, the same processes control the leaching of Sr and Cs in
these experiments (more details are described in the ESI).

The Sr K-edge XAS data are summarized in Fig. 4. The X-ray
absorption near edge structure (XANES) show very similar
spectra for all the soil/waste samples (#2-6, Fig. 4a), the

colloidal silica gelled with 0.2 M SrCl, (#1, Fig. 4a) and the
aqueous Srz* standard (10,000 ppm Sr2* as SrCl,; #7, Fig. 4a). The
XANES for strontianite (SrCOs) is distinct from the other XANES
as it exhibits a broader minimum in the XANES between 16,130
and 16,140 eV (#8, Fig. 4a). This shows that no strontianite
formed during these leaching experiments.

For all Sr K-edge EXAFS spectra the closest scattering path could
be fit with 9 oxygen backscatterers at 2.59-2.61 A,
corresponding to published values for aqueous Sr2* and Sr
surface complexes of 2.57-2.63 A.24 25 39, 59, 60 The EXAFS
spectrum of the aqueous Sr2* standard could be fitted with 9
oxygen backscatterers at 2.590 A (Table 1, Fig. 4b and c),
highlighting the fully hydrated nature of aqueous SrZ*. The
spectrum to the colloidal silica gelled with 0.2 M SrCl, could be
fitted with 9 oxygen backscatterers at 2.609 A, only (Table 1, Fig.
4b and c). This suggests the presence of fully hydrated Sr2* ions
complexed with silica nanoparticles, through the formation of
outer-sphere surface complexes. This is consistent with
previous EXAFS analyses on Sr adsorption to amorphous silica.1é
17, 24,39 Dye to the chemical similarities between Sr and Ca, the
formation of such outer-sphere surface complexes with the
silica nanoparticles likely also occurred during the gelling of Ca-
CS. We thus propose that the formation of such outer-sphere
surface complexes decreases the T-potential of silica
nanoparticles when a divalent cation is used in the accelerant.5°
This subsequently decreases the effective negative charge of
the silica nanoparticles, and hence induces cluster formation
and subsequent cluster aggregation (as shown for Ca in Fig. 1d
and e) during the gelling process of colloidal silica.49 51
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Fig. 4. Summary of the results from the Sr K-edge XAS analyses. The solid coloured lines represent the XANES (a), EXAFS in k-space (b) and the amplitude of the Fourier Transform of
the EXAFS in R-space (non-phase corrected) (c) of the samples and standards, the black dotted lines represent the fits to the EXAFS spectra and the dash-dotted line highlights the
position of the Sr-Si/Al scattering path (Table 1).
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The Sr K-edge EXAFS for all samples (initial soil/waste sample
and the respective samples in the Na-CS and Ca-CS leaching
experiments before and after 20 days of leaching) could be
fitted with 9 oxygen backscatterers at 2.602-2.610 A and a
single Si/Al backscatterer at 3.78-3.80 A (Table 1, Fig. 4b and c).
The absence of any Sr-C and Sr-Sr backscatterers confirms the
observation from the XANES spectra (Fig. 4a) that no
strontianite formed during the leaching experiments, and the
presence of the Sr-Si/Al backscatterers at 3.78-3.79 A indicate
that Sr interacts with the solid materials through the formation
of an inner-sphere surface complex with phyllosilicate minerals
such as clay minerals, similar to the complexation of Sr with
chlorite.2> This appears to occur irrespective of competition
with Na and/or Ca within the Na-CS or Ca-CS samples, or the
subsequent leaching experiments. Therefore, throughout these
leaching experiments, inner-sphere surface complexes with clay
minerals dominated Sr speciation. It should, however, be noted
that EXAFS only provides the average coordination environment
and fitting EXAFS generally reveals the dominant coordination
environment only.61-63 |nterestingly, the fits to R-space for the
Sr-Si/Al scatting path showed a small mismatch with the data
for the samples from the Na-CS and the Ca-CS experiments at t
= 0 days (vertical dash-dotted line; #3 and 5, Fig. 4c), including
a decrease in the statistical confidence that the addition of a Sr-
Si/Al backscatterer improved the fit (Table S5). Furthermore,
the Sr-O radial distances in these t = 0 days samples (2.608-
2.610 A), appear to more closely match the Sr-O radial distance
of the colloidal silica standard (2.609 A) than aqueous Sr2+
(2.590 A, Table 1). These two observations could suggest the
presence of an additional Sr surface species, such as outer-
sphere surface complexes to silica nanoparticles,?4 3° rather
than Sr in the porewater. The observed small mismatch
disappeared in the samples after 20 days of leaching concurrent
to anincrease in the statistical confidence that the addition of a
Sr-Si/Al backscatterer improved the fit (Table S5), and the Sr-O
radial distances (2.602-2.603 A) more closely match the Sr-O
radial distances of the initial soil/waste sample (2.603 A, Table
1). This suggests that after 20 days the fraction of Sr adsorbed
to colloidal silica nanoparticles decreased, caused by a decrease
in the porewater pH below the adsorption edge of Sr adsorption
to amorphous silica.24 3° This pH dependent decrease in Sr
outer-sphere complexation to the silica nanoparticles likely
caused the observed decrease in the apparent Kp values during
the leaching experiments (Fig. S1a). These results show that
inner-sphere surface complexation with phyllosilicate minerals
controls the mobility of Sr while the colloidal silica can provide
additional surface complexation sites for Sr immobilization,
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specifically at elevated pH values (i.e. above the Sr adsorption
edge for amorphous silica24 39),

Table 1. Summary of the fits to the Sr and Cs K-edge EXAFS data; the amplitude
correction factor was fixed to 1, C.N. represents the coordination number (fixed, the
errors on the C.N. are estimated to be ~25%), AE, the energy shift, R the radial distance
and o2 the Debye-Waller factor, the numbers in parentheses are the uncertainties as
calculated by Artemis,*> and the fit ranges and the goodness of fit parameters are
described in Table S5.

Sample AEo Path CN. R(A) o? (A2)
(eV)

Srin gelled colloidal silica -2.9(6) Sr-O 9 2.609(6) 0.0086(4)
Soil/waste; 0.71 mg/g Sr  -3.4(3)  Sr-O 9 2.603(4) 0.0082(3)
Sr-Si/Al 1 3.78(3)  0.011(4)
Soil/waste; 0.71 mg/g Sr; -3.1(4) Sr-O 9  2.610(5) 0.0093(3)
Na-CS; t = 0 days Sr-Si/Al 1 3.80(3) 0.009(4)
Soil/waste; 0.71 mg/g Sr; -3.5(3) Sr-O 9 2.603(3) 0.0091(2)
Na-CS; t = 20 days Sr-Si/Al 1 3.80(2) 0.007(2)
Soil/waste; 0.71 mg/g Sr; -3.1(5)  Sr-O 9 2.608(6) 0.0087(4)
Ca-CS; t = 0 days Sr-Si/Al 1 3.79(5) 0.012(7)
Soil/waste; 0.71 mg/g Sr; -3.3(4) Sr-O 9 2.602(5) 0.0091(3)
Ca-CS; t = 20 days Sr-Si/Al 1 3.80(4)  0.010(5)
Sr2* -3.9(8) Sr-0 9 2.590(9) 0.0127(6)

srcos® Sr-0 9 2.56-2.73 -

Sr-C 3  3.03-3.04 -

Sr-Sr 4 4.09-4.12 -

Sr-Sr 2 4.24 -

Sr-Sr 4 4.89 -
Cs in gelled colloidal silica 8.0(8) Cs-O 9 3.25(2) 0.025(1)
Cs-Si 2 4.04(4)  0.023(7)
Cs-Cs 1 4.26(2)  0.006(1)*
Cs-Cs 1 4.56(2) 0.006(1)*
Soil; 0.84 mg/g Cs 1.4(30) Cs-O0 8 3.15(3)  0.019(1)*
Cs-0 4 3.43(3) 0.019(1)*
Cs-Si/Al 5.5 4.13(4) 0.015(1)"
Soil; 0.84 mg/g Cs; 3.1(39) Cs-O 8 3.09(4) 0.019(1)*
Na-CS; t = 0 days Cs-0 4 3.45(4) 0.019(1)*
Cs-Si/Al 3.5 4.01(6) 0.015(1)"
Soil; 0.84 mg/g Cs; 0.7(49) Cs-O 8 3.12(5) 0.019(1)*
Na-CS; t = 20 days Cs-0 4 3.37(6) 0.019(1)*
Cs-Si/Al 4 4.08(6) 0.015(1)”
Cs* 6.1(5) Cs-O 5 3.10(1)  0.020(1)
Cs-0 5 3.36(2) 0.027(2)

$The strontianite radial distances are based on its crystallographic information.64-
66

*The o2 from the Cs-Cs scattering paths for Cs in gelled colloidal silica were
simultaneously fitted to the same value to reduce the number of independent
variables.

#The o2 from the Cs-O scattering paths in all soil samples were simultaneously fitted
to the same value.

“The o2 for the Cs-Si/Al scattering paths in all the soil samples were simultaneously
fitted to the same value.
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Fig. 5. Summary of the results from the Cs K-edge XAS analyses (a-c). The solid coloured lines represent the XANES (a), EXAFS in k-space (b) and the amplitude of the Fourier Transform
of the EXAFS in R-space (non-phase corrected) (c) of the samples and standards and the black dotted lines represent the fits to the EXAFS spectra. The vertical dashed lines (a)

highlight the white line and the position of the first scattering feature in the Cs K-edge XANES.

The Cs K-edge XAS data are summarized in Fig. 5. The XANES
from all the soil samples (#2-6, Fig. 5a) exhibit a more
pronounced white line (dashed line, Fig. 5a) and a first
scattering feature shifted to lower energies (dash-dotted line,
Fig. 5a) compared to the XANES from the aqueous Cs* (10,000
ppm Cs* as CsCl) and the colloidal silica standards (#1 and 7, Fig.
5). This indicates that the Cs speciation in the soil samples did
not vary between and during the Na-CS and Ca-CS leaching
experiments and was distinct from aqueous Cs* and Cs within
colloidal silica only. The Cs K-edge EXAFS spectrum from the
aqueous standard could be fit with two Cs-O scattering paths at
3.10 and at 3.36 A, with no additional scattering paths at larger
radial distances (Table 1, Fig. 5b and c), highlighting the
hydrated nature of aqueous Cs*. The EXAFS spectrum for Cs in
colloidal silica could be fitted with a single Cs-O scattering path
at 3.25 A, two additional Si backscatterers at 4.04 A, and two Cs
backscatterers at 4.26 and at 4.56 A (Table 1, Fig. 5b and c). The
radial distance of the Cs-O scattering path appears intermediate
between published Cs-O radial distances for aqueous and
adsorbed Cs of 3.00-3.21 A,37.67.68 and in hydrated CsOH solids
of 3.34-3.45 A.69.70 This Cs-O radial distance in combination with
the fitted Cs-Si and Cs-Cs scattering paths suggests that when
0.8 M CsCl is used as an accelerant, Cs interacts strongly with
the colloidal silica nanoparticles through the formation of
multinuclear surface species (e.g. surface clusters, potentially
intermediate between a solid and adsorbed species). This
appears to be consistent with reported complexation of several
metals with silicate phases such as the complexation of Cr with
amorphous silica,”t Co with kaolinite’2 73 and U and Eu with
clinoptile.”* The formation of such surface clusters is thus the
likely mechanism by which Cs impacted on the {-potential of
silica nanoparticles, which induced cluster formation and
subsequent cluster aggregation (as shown for Na in Fig. 1b and
c) during the gelling process. Furthermore, as there is no
significant difference in the mechanisms when varying between
different alkali metals (e.g. Na and K) in the accelerant,*9 51 we
postulate that the formation of such multinuclear surface
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species could also induce gelling when NaCl is used as the
accelerant.

The Cs K-edge EXAFS from the soil sample (#2, Fig. 5b and c)
could be fitted with two Cs-O scattering paths at 3.15 A and at
3.43 A. Furthermore, 5.5 Si/Al backscatterers at 4.13 A were
required in the fit (Table 1). These radial distances and the
respective coordination numbers are consistent with previous
molecular dynamics studies for Cs adsorption onto the basal
surface of illite,34 and kaolinite3> through inner-sphere surface
complexes at the Si vacancy sites. This highlights that Cs
speciation (and thus its respective mobility) within our
(simulated clayey) soil samples was governed through the
formation of inner-sphere surface complexes on the basal
surface of clay minerals (i.e. illite-smectite and kaolinite).

Due to constraints on analysing the high energy of the Cs K-
edge,3” we were only able to analyse the Cs EXAFS of the
samples from the Na-CS leaching experiment. For both Na-CS
samples, prior to leaching and after 20 days of leaching (#3 and
4, Fig. 5b and c) the EXAFS could be fitted with an oxygen
coordination environment similar to the initial soil sample, with
Cs-O scattering paths at 3.09-3.12 A and at 3.37-3.45 A (Table
1). Additionally, the radial distance of the Si/Al backscatterers
were also similar in these samples at 4.01-4.08 A. Conversely,
the coordination number (of the Si/Al backscatterers) was lower
than in the initial soil sample at 3.5 prior to leaching, which
increased to 4 after 20 days of leaching (Table 1). This suggests
that during gelling a fraction of Cs adsorbed to the basal surface
was desorbed and either retained within the porewater or
adsorbed to the silica nanoparticles surfaces. As the apparent
Cs Kp values stabilized during 20 days of leaching, we assume
that the leaching experiments are either at, or close to,
equilibrium between the silica porewater and the supernatant.
Then, if the decrease in the coordination nhumber of the Si/Al
backscatterers was solely caused by Cs desorption into the
porewater, ~27% (after 20 days of leaching) of the Cs present in
the Na-CS samples would reside in the porewater, equating to
~200 ppm Cs in the porewater and the supernatant. However,
after 20 days only 1.9 ppm Cs was detected in the supernatant
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(Fig. S1b). Furthermore, the apparent Kp value during the
leaching experiment to produce samples for XAS analyses
stabilized at a value (3.6:102 ml/g) in excess of the Kp value from
the parallel equilibrium desorption experiment (1.8:102 ml/g,
Fig. S1b). It is thus likely that the variation in the coordination
number in both Na-CS samples resulted from Cs complexation
with silica nanoparticles. Subsequently, during leaching, the
decrease in the pH in the porewater to 8.6 (below the
adsorption edge of Cs adsorption to amorphous silica)*! induced
Cs desorption from the silica nanoparticle surfaces and a
subsequent increase in the proportion of Cs complexed with the
clay minerals (compared to the proportion before leaching).
Interestingly, we were not able to fit Cs backscatterers to the
EXAFS spectra of the Na-CS samples (Table 1, Fig. 5b and c)
compared to the multinuclear surface species in the colloidal
silica standard (Fig. 5b and c). Previous studies have shown that
a transition from mononuclear to multinuclear surface
complexes occurs when increasing the metal concentration.20
72 We thus suggest that, at these lower concentrations
(compared to the colloidal silica standard) during the Cs
leaching experiments, the interaction of Cs with the silica
nanoparticles occurred through the formation of
(mononuclear) outer-sphere surface complexes (Table 1, Fig. 5b
and c).

Conclusions

For any environmental engineering strategy to mitigate the risks
of legacy waste sites, it is essential that all impacts on the
mobility of contaminants are well understood. From the
presented results of a comprehensive set of leaching
experiments on soil and waste materials contaminated with Sr
and Cs, we have developed a conceptual model on the
(competing) impacts of the (components of) colloidal silica gel
on Sr and Cs geochemistry in a binary contaminated solid —
colloidal silica gel system (Fig. 6). We have demonstrated that
Srand Cs interact with clayey soils through inner-sphere surface
complexation to clay minerals (Sr) or at the basal surface of
illite-smectite and/or kaolinite (Cs) and through incorporation
into the interlayer of illite-smectite (trace Cs, Fig. 6D). Even
though cations in the saline accelerant compete with Sr and Cs
for adsorption sites (Fig. 3),° colloidal silica gel caused an
increase in the distribution coefficients compared to
equilibrium desorption experiments by providing a large
amount of (silica) surface area for outer-sphere Sr and Cs
surface complexation (Fig. 6B, C and D), in conjunction with
initial high pH values of ~10 (i.e. during the initial high ionic
strength when competing cations from the accelerant are
present). Our conceptual model thus shows that within these
binary systems, colloidal silica materials not only inhibit water
flow, but also significantly increase the immobilization capacity
for Sr and Cs in contaminated soils (and wastes, Fig. 2). Our
conceptual model could form the basis for a more quantitative
(modelling) approach to predict the impacts of colloidal silica
materials on the geochemistry of risk determining
contaminants at the larger spatial and longer time scales
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expected for the size and lifetime of environmental engineering
strategies.

B soilin gelled colloidal silica and the leaching of
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Fig. 6. Schematic representation of the conceptual model. A: The leaching experiments
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various length scales. B: contaminated soil minerals embedded in a colloidal silica matrix
(not to scale); the arrow represents leaching of ions into the supernatant (10 mM NaCl);
C: (a) diffusion of cations (Sr?*, Cs*, Na* and Ca?*) through gelled silica nanoparticles, and
(b) ad- and desorption of cations to silica surfaces; D: immobilization of Sr and Cs through
interactions with (clay) minerals (using illite as an example based on the crystallographic
information from Drits et al. (54). The position of the cations visualize diffusion/
incorporation into the interlayer (i), the formation of inner-sphere (ii) and outer-sphere
surface complexes (iii), and retention of cations within the electric diffuse layer (iv)3°

Overall, our conceptual model highlights that nanoparticulate
colloidal silica gels have strong potential for use within risk
mitigation strategies for legacy nuclear waste sites, specifically
with respect to Sr and Cs, and potentially for a wider range of
radionuclides, and environmental engineering strategies where
the physical properties of colloidal silica gels (e.g. low viscosity,
chemical inertness, and negligible toxicity) are beneficial.
However, in order to fully benefit from its potential at nuclear
legacy sites, we suggest that similarly comprehensive leaching
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(and adsorption) studies should be performed on a wider range
of potential risk determining radionuclides expected at legacy
nuclear waste sites, including U, Pu and Am.7- 810,75
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