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Abstract

MX-80 bentonite colloids’ effect on radionuclide sorption was studied by batch method and transport in flow using a granitic
drill core column and Sr(II) as a radionuclide. Batch-type sorption and desorption experiments were conducted to determine
Sr(II)’s distribution coefficients on bentonite colloids and metatexitic gneiss. Molecular modeling assessed the radionuclide’s
sorption affinity and justified the differences in Sr(II)’s sorption behavior on biotite versus montmorillonite. The distribution
coefficients were found to be a hundred times greater for colloids than for granitic rock. Strontium’s breakthrough from the
column with bentonite colloids was successful without notable retardation on rock minerals.
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Introduction

Strontium isotope *°Sr is one of the most crucial and haz-
ardous products of uranium and plutonium fission as well
as one of the main radionuclide wastes generated in nuclear
fuel processing. *°Sr, alongside '*’Cs, is responsible for most
of the radioactivity in nuclear waste during the first few 100
years. In Finland and Sweden, the final disposal of spent
nuclear fuel (SNF) i.e., high-level nuclear waste is consid-
ered to take place in deep geological repositories such as the
Onkalo spent nuclear fuel repository built below the surface
of Olkiluoto island in Western Finland. According to the
KBS-3 multiple barrier concept, these repositories are sur-
rounded by bedrock in stable granitic-type rock formations
[1-4]. The repository system has been designed to isolate
harmful radionuclides and prevent their migration into the
groundwater system during containment failure [5]. By uti-
lizing multiple engineered and natural barriers, failure of one
barrier will not endanger radionuclide isolation [6].

Many decades of work have been performed to under-
stand the functionality of the Engineered Barrier System
(EBS) [7-9]. One engineered barrier material is bentonite
clay, which has formed out of volcanic ash and has a very

< Noora Pakkanen
noora.m.pakkanen @helsinki.fi

Department of Chemistry, University of Helsinki, P.O.
Box 55, 00014 Helsinki, Finland

high montmorillonite (swelling smectite clay) content [10,
11]. Raw and unpurified natural bentonites may also include
accessory minerals such as quartz, feldspar, and pyrite [11,
12]. The amount of organic matter and oxides varies between
bentonites with different geochemical backgrounds and for-
mation environments. Composition affects bentonite’s col-
loidal properties, such as the colloid’s surface chemistry and
its tendency to aggregate [10, 11, 13]. In general, clay miner-
als based on bentonite may exhibit the properties of thixo-
tropic-gel formation with water, high water absorption, and
high cation-exchange capacity [14]. These properties can
vary in clay minerals depending upon the nature of intersti-
tial water, and exchangeable cations in the interlayer space.

Bentonite was proposed to be used as a buffer material in
SNF repositories due to its suitable characteristics such as
high sorption capacity and plasticity, good swelling proper-
ties, high pH buffering capacity, and low hydraulic conduc-
tivity. Once bentonite comes in contact with water it starts to
swell and block transport pathways of the bedrock adjacent
to the bentonite barrier including microfractures and pores.
With these characteristics, bentonite buffer could provide the
needed mechanical protection for the SNF canister, while
maintaining a stable chemical environment [11, 15].

Even with a multiple barrier system, it is possible that
several barriers fail, and radionuclide isolation will be
compromised. In case of canister failure, SNF radionu-
clides can start migrating outside of the repository area
and into the surrounding bedrock and groundwater system.
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Once leaked, the SNF radionuclides can pose a serious
threat to humans and animals alike. As reported previously
in the literature, the radionuclide retardation from flow-
ing water in rock fractures is mainly based on diffusional
transport into the rock’s connected pores and sorption on
solid mineral surfaces [16, 17]. Several in situ and labo-
ratory experiments have proven that matrix diffusion of
radioactive elements exists and that the retardation of—
for example, cesium, strontium, and barium—is strongly
dependent on their high sorption on rock’s main minerals
[18, 19]. For example, biotite, which is one of the main
minerals in Olkiluoto island’s main rock type metatexitic
gneiss, has been observed to sorb radionuclides effectively
[20-22].

The use of colloidal bentonite clay has been considered
in the long—term safety assessment of an SNF repository
even though colloid-facilitated transport of radionuclides
may significantly contribute to the repository’s long-term
performance. Several studies have indicated radionuclide
(especially actinide) sorption on colloids and the mobility
of radiocolloids in fracture flow. For example, field-scale
studies at hazardous waste sites have provided evidence that
colloid transport can enhance actinide migration [23, 24]
and laboratory experiments have confirmed that colloids
can accelerate the transport of cationic and anionic metals
through porous and fractured media [25, 26]. The poten-
tial relevance of colloids in radionuclide transport depends
highly on several factors, such as colloid stability in differ-
ent chemical environments, the mechanism of radionuclide
interaction with colloids, and on the irreversibility of the
radionuclide-colloid binding. Evidence shows, that despite
of relevance of colloid transport being governed by prevail-
ing environmental conditions, it is important that colloid
transport of radionuclides is considered in the repository’s
safety assessment. For example, in Olkiluoto, the determined
contents of natural inorganic and organic colloids in ground-
water are currently low, but the bentonite buffer used in the
EBS system can be seen as a potential source of colloids [27,
28]. Bentonite buffer’s role as a colloid source is especially
relevant in a post-glacial repository system, where bentonite
buffer is seen as the greatest and most infinite source of col-
loids that can impact the repository’s functionality greatly
[29].

As radionuclides’ sorption mechanisms are very compli-
cated, molecular modeling can be used to interpret experi-
mental findings and justify the sorption behavior of Sr(II) in
rock minerals versus montmorillonite. In our earlier studies,
molecular modeling has been utilized to study radionuclides’
sorption on biotite’s crystalline structure and its end-mem-
bers phlogopite and annite. Especially, the focus has been
on the phlogopite and its crystalline and surface structures
(basal and edge sites) and sorption of Ni(II) [30], Ba(II)
[21], Se(IV), and Se(VI) species [31].
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Biotite [K(Mg,Fe);AlSi;0,,(OH,F),] with its end-members
and montmorillonite [Sig(Al,_ Mg )O,,(OH),M*" , - nH,0,
M =alkali/alkali earth metal cation, x=0.4 —1.2] are phyllo-
silicates which are formed by superposed atomic planes par-
allel to the (001) face of the crystalline structure [10]. They
have a prismatic and sheet-like structure, where cation layers
connect the negatively charged layers. The negatively charged
layers consist of tetrahedral (T) and octahedral (O) sheets that
stack together to form 2:1 (TOT) layers with a characteristic
repeat distance between them [32]. The negative framework
charge is balanced by an equivalent number of cations on the
internal and external basal planes and these ions are exchange-
able to ions in external solutions. In biotite, these ions are
non-hydrated, thus not readily exchangeable, while in mont-
morillonite hydrated and readily exchangeable.

The experimental work described here relates to an earlier
experiment conducted in our laboratories by Voutilainen et al.
[19] where the same metatexitic gneiss column was used with
conservative tracers (HTO, 36Cl). Thus, the boundary condi-
tions of this work have been established. In this research work,
the focus is aimed at how non-conservative and slightly sorb-
ing tracer behaves in the same, well-defined experimental flow
conditions. Besides using a non-conservative tracer, benton-
ite colloids were also introduced to the experimental system.
Groundwater simulant with small ionic strength was used to
imitate low saline groundwater conditions in a post-glacial
repository system, where colloids are present.

The purpose of the study is to give a relation for strontium
retardation from the flow between metatexitic gneiss and
bentonite colloids in the artificial long fracture. Informa-
tion about the transport and sorption behavior of Sr(Il) was
gathered to understand the meaning of bentonite colloids in
the radionuclide migration process. The batch-type sorp-
tion and desorption experiments of Sr(I) on commercial
bentonite colloids (MX-80) and crushed metatexitic gneiss
were performed in two different pH conditions (pH 7 and
pH 9) to understand better the sorption competition between
MX-80 bentonite colloids and the minerals of metatexitic
gneiss. The effect of MX-80 bentonite colloids on strontium
transport in flow was investigated using a metatexitic gneiss
drill core column, where Sr(IT) was injected into a constant
flow of diluted bentonite colloid solution. In parallel with
the experimental work, molecular modeling was performed
to assess the sorption affinity of Sr(II) on biotite and mont-
morillonite at the molecular level.

Theory
Distribution coefficient

Sorption was studied through the distribution coefficient K
(m® kg™!) value, which describes the sorption’s strength on



Journal of Radioanalytical and Nuclear Chemistry (2023) 332:3719-3732

3721

a substrate [33]. Radionuclide’s mobility depends on its dis-
tribution between the mobile and stationary phases, and to
determine the relation between these two phases, the distri-
bution coefficient was calculated according to Eq. (1):
Ay —A

Ky==Sbx o M
where A — A, is the activity in the solid phase (rock or col-
loid), V(ml) the volume of the solution, A; is the activity of
the supernatant and m(g) is the weight of the crushed rock
or colloid.

Sorption and desorption percentages were calculated
according to Eq. (2):

AL 100%
()

0

where A is the initial activity in the solution.

Pseudo-second-order kinetic model

A pseudo-second-order kinetic model was used to describe
contact time’s effect on sorption uptake [34]. Equation (3)
was used to fit the model on sorption data:

Clgkzt

— e < 3
1+ q,kyt 3)

4q;
where ¢, is the adsorbed capacity at time ¢ (m® kg™!), ¢,
the equilibrium adsorption capacity (m? kg™!), k, is the rate
constant and ¢ is time.

Experimental
Materials
Granitic rock

Olkiluoto Island is located on the Southwest coast of Fin-
land. According to the drill core analyses, the island’s bed-
rock consists of metatexitic gneiss (43%), diatexitic gneiss
(21%), granite pegmatoid (20%), non-migmatitic gneisses
(9%), and tonalite-granodiorite-granite gneiss (8%) [35]. As
metatexitic gneiss is the main rock type of Olkiluoto island,
it was chosen to be used in the experiments.

Metatexitic gneiss is a subgroup of migmatitic gneiss,
and it contains diversely elongated, folded, or stretched
leucosomes with diameters from several millimeters
up to 10 cm. Mineralogically heterogeneous metatex-
itic gneiss is mainly composed of biotite (29%), quartz
(20%), potassium feldspar (10%), plagioclase (15%), and
cordierite (7%). In addition, several accessory minerals

such as muscovite, chlorite, sillimanite, epidote, garnet,
and opaque minerals [36, 37] (Table 1) can also be found.
Metatexitic gneiss’s specific surface area has been deter-
mined to be 0.5-1.0 m? g~ + 5% with the BET method for
crushed rock samples with grain sizes of 60.0-300.0 um
and 1.0-2.0 mm. The effective diffusion coefficient of
8.0x 107'* m? s7! has been determined for bivalent ion
Ba(Il) in the metatexitic gneiss sample [21].

Rock material used in the sorption and column experi-
ments was received from the REPRO site [38], which is
located at the main characterization level (420 m below
the surface) at ONKALO. The rock core was taken from
the hole where the in situ WPDE experiments [39] in
ONKALO were performed [37, 40]. Before being used in
this experiment, the column experiment’s structurally very
heterogeneous metatexitic gneiss rock core had been used
previously by Voutilainen et al. [19] in flow experiments
with conservative tracers.

Table 1 Composition of materials [36, 37, 41]

Material Porosity Minerals Composi-
tion (W%)

Metatexitic gneiss ~ 0.5-1.0%  Biotite 28.5
Quartz 28.1
Potassium feldspar 15.0
Plagioclase 14.2
Cordierite 6.6
Sillimanite 4.5
Muscovite 2.0
Chlorite 0.8
Garnet 0.2
Opaque 0.2
Epidote 0.1

MX-80 Smectite 79.1
Muscovite 7.5
Quartz 4.4
Calcite 3.1
Tridymite 1.9
Plagioclase 1.7
Gypsum 1.3
Magnetite 1.1
Illite 0.6
Pyrite 0.6
Cristobalite 0.5
Anatase 0.2
Hematite 0.1
Zircon 0.1
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MX-80 bentonite

The source of colloids in this experiment was commercial
non-purified and sodium-rich Wyoming Volclay MX-80
bentonite, which has been characterized previously by Kum-
pulainen and Kiviranta [41] and Vuorinen and Snellman
[42]. The ratio of chemical components in MX-80 may vary
due to its chemically inhomogeneous nature, but the typical
composition is presented in Table 1. The main mineral group
of MX-80 is smectites, which are crystalline, 2:1 layered
hydrated aluminosilicates, that can swell when in contact
with water and their structural cations can be exchanged.
The stoichiometric formula of MX-80 can be described
with the formula (Si;¢5Aly35) (Al; goFe(II)y 3eMg 56)
Nay 5,Cag 0sMgg 060,0(OH), [41]. The specific surface area
of montmorillonite (smectite clay) particles has been deter-
mined to vary between 760 and 810 m? g~! for particle sizes
100-1000 nm [43].

Synthetic granitic groundwater

Used low-salinity groundwater was so-called “Allard water”
(I=0.005 M) which is the median water from low-salinity
groundwaters in Sweden [44]. For the preparation of Allard
water [42, 44], MilliQ water and six basic solutions were
used (Table 2).

Colloid solution

The colloid solution was prepared by mixing 400 mL of
Allard water with 10 g of MX-80 bentonite powder. After
mixing, the solution was placed into a shaker for a minimum
of two weeks. Once ready, the colloid solution was centri-
fuged at a speed of 4000 rpm for 40 min. The liquid phase
was carefully separated from the clay material and followed
by particle size and concentration measurements. Solutions
with particle sizes less than 500 nm were used for the final
colloid solution. Colloids were characterized with scanning
electron microscopy and Malvern’s Zetasizer Nano ZS was
used to determine the size of colloid-like particles as well as
the colloid concentration of the created solution.

Table 2 Composition of Allard water [44] in pH 7

Chemical compound M (mmol/L)
KCl 0.10

CaCl, - 2H,0 0.45
Na,SiO; - 9H,0 0.12
NaHCO4 2.01
MgSO, - TH,0 0.1

MgCl, - 6H,0 0.08
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Strontium

The strontium isotope 33Sr was used in the experiments. In
235U fission products, strontium appears in tracer amounts
[45]. It has a half-life of 64.84 days, and it decays mainly
by electronic capture into 5Rb. 83Sr has a gamma energy
of 0.514 MeV with an intensity of 96%. In nature, stron-
tium appears in oxidation state Sr(II) and its main adsorp-
tion mechanism is cation exchange. At higher pHs, ionic
strengths, and in the presence of carbonate, adsorption
through surface complexation increases [46, 47]. Strontium
is known to have moderate sorption capacity due to its small
size and large hydration sphere. It shares these chemical
properties with other bivalent Ca(Il) and Ba(Il) ions.

The 33Sr stock solution used in the experiments had a
specific activity of 641.95 MBq mg™" (Ref. Date 26.6.2018)
and it was produced by Perkin Elmer. The activity of
0.58 kBq g~! (= 10712 M) was used in the batch sorption
experiments and 10.18 kBq was injected as a pulse through
a 0.5 mL injection loop in the column experiment.

Methods
Batch sorption/desorption

Batch sorption experiments were commenced by grinding
the metatexitic gneiss rock material into 1.25-2.00 mm-
sized rubble. Crushed metatexitic gneiss was washed and
equilibrated for nine days with Allard water. During the
equilibration phase, water was changed to fresh Allard water
on the third and sixth days of equilibration.

After equilibration, crushed metatexitic gneiss was com-
bined with 9 mL of colloid solution, which had been equili-
brated with 5 kBq of 33Sr tracer solution for one day. The pH
of a solution was set to values 7 or 9 and then placed within
a shaker. Samples were left in the shaker for four different
preselected times: 1 day, 4 days, 1 week, and 3 weeks. Two
parallel samples were used for each experimental scenario.

Once the preselected time had passed, samples were cen-
trifuged for 30 min with a speed of 2700 rpm to end the
experiment and to separate the colloid solution and crushed
metatexitic gneiss from each other. 1 mL of separated sam-
ple solution was gathered for immediate activity measure-
ments to determine the activity sorbed on the crushed rock,
and 4 mL of solution was transferred to ultracentrifuge tubes
to determine the portion of Sr(II) sorbed on colloid surfaces.
4 mL samples were ultracentrifuged for 40 min with the
speed of 90,000 rpm to separate colloid-like particles from
the solution.

After ultracentrifugation, sample solutions were carefully
pipetted from ultracentrifuge tubes, weighed, and put to
activity measurement in Hidex Automatic Gamma Counter
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(AGC) to determine activity retained on colloids. Finally, the
equilibrium pH of the samples was measured.

Next desorption experiments were performed. Fresh
Allard water was added to the sample tubes with crushed
metatexitic gneiss that had been used before in the sorption
experiments, and their pH was set. Samples were placed in a
shaker and left there for 1 day, 4 days, 1 week, and 3 weeks.
The experiment was finished by centrifuging the samples
with ultracentrifuge and with the same settings as used pre-
viously in the batch sorption experiments. After ultracen-
trifugation, the solution was extracted from ultracentrifuge
tubes and weighed, followed by activity, particle size, equi-
librium pH, and concentration measurements.

Column experiment

The column experiment was conducted with a metatexitic
gneiss drill core column that had a 0.1030 m® large sur-
face area [19, 37]. The intact drill core, 80 cm in height and
42 mm in width was placed in an acrylic tube with a diam-
eter of 46 mm and height of 80 cm, forming a flow channel
of about 2 mm wide between the rock and the tube. Besides
the flow channel, the experimental setup consisted of a per-
istaltic pump, radionuclide injection system, and fraction
collector with a sample volume of 5 mL. The column had a
total colloid solution volume of 221 mL and the experiments
were performed under ambient air conditions. The colloid
solution was pumped continuously through the column and
the tracer was injected as a pulse through an injection loop
with a known volume. The solution flowing from the column
was fed to a fraction collector. A flow rate of 50 uL min~!
was generated and controlled with a peristaltic pump. Col-
loid solution with particle sizes of 300-500 nm and derived
count rate varying between 900 and 1200 kcps was fed to the
column throughout the whole experiment. 3Sr activities of
collected samples were measured and determined as a func-
tion of time. The column’s flow field had already been char-
acterized using conservative tracers, tritiated water (HTO),
and chloride (*°Cl) with a flow rate of 20 pL min~', in our

earlier studies [40] and determined to be heterogeneous. The
experimental setup has been presented in Fig. 1.

Particle analysis

Particle sizes and concentrations of the solutions were ana-
lyzed with Malvern’s Zetasizer Nano ZS to determine the
success of colloid separation in batch sorption experiments
as well as the colloid breakthrough in the column experi-
ment. This was done by measuring the derived count rate
(DCR) and hydrodynamic particle diameter (Z-ave) values
by utilizing the dynamic light scattering (DLS) technique.
DCR value tells how many photons within a second arrive
at the detector and thus what is the particle concentration
of the solution, whereas Z-ave tells the average size of the
particles. As the DCR value correlates with colloid con-
centration, it can be used to estimate the concentration of
colloid-like particles in the samples. Nevertheless, DCR is
not directly proportional to colloid concentration and is thus
just an estimation.

A previously determined calibration curve for colloid
concentration was used in this study [48]. To generate the
calibration curve, colloid concentration was determined with
two different methods: through DLS and inductively cou-
pled plasma mass spectrometry (ICP-MS). ICP-MS (Agi-
lent 7500ce) was used to determine the structural formula
of MX-80 from the aluminum concentration in bentonite
colloid dispersions, from which it was possible to back-cal-
culate colloid concentration. With DLS, DCR was measured.
By comparing measured DCR and calculated colloid con-
centration to each other, a calibration curve was created. As
bentonite is a heterogeneous substance, there is no standard
to be used to determine its concentration and thus this kind
of estimation has been developed. The calibration curve was
used in the preparation of diluted colloid solutions with a
particle concentration of 0.1 g L™! for the column experi-
ment. For batch sorption experiments, the colloid solution
with a particle concentration of 3.4 g L™! was used.

Injection 80 cm
valve 7
™ Flow channel

Colloid

solution | - Peristaltic .
supply pump

-

Fraction
collector

Fig.1 The experimental setup of the column experiment. An intact
80 cm long metatexitic gneiss drill core was placed in an acrylic tube
for the water phase column experiment. The experimental setup con-

Flow channel

sists of a peristaltic pump, a radionuclide injection system, and a flow
channel between the rock core and the plastic tube
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Gamma measurements of strontium

Hidex Automatic Gamma Counter was utilized to measure
the ®Sr activity of the samples. The structure of the device
(Hidex AGC) includes sodium iodide crystal Nal(TI) and a
photomultiplier tube. The efficiency of the Hidex AGC for
85Sr was about 17.2% and the detection limit MDA (mini-
mum detectable activity) was determined to be 0.5 Bq mL™!
for 5.0 mL.

Molecular modeling

Quantum Mechanics optimized unit cell structures for Mg-
rich phlogopite e.g., biotite [30, 31] and Mg-substituted Na-
montmorillonite [49] were utilized to study the sorption of
Sr(II) onto these mineral surfaces.

The calculations were performed for phlogopite systems
using the CASTEP (Cambridge seral total energy package
by Clark et al. [50]) code implemented into Materials Studio
version 2020 [51]. The exchange correlation was described
with a generalized gradient approximation GGA-PBE. As a
compromise between the accuracy and computational time
of calculations, the ultrasoft pseudopotentials were used for
each element. The used potentials were Al_OOPBE.usp for
aluminum, H_OOPBE.usp for hydrogen, K_OOPBE.usp for
potassium, Mg_00.usp for magnesium, O_soft00.usp for
oxygen, Si_soft00.usp for silicon and Sr_OOPBE.usp for
strontium. The kinetic cut-off energy for a plane wave expan-
sion of the wave function was 310 eV. Strontium sorption
was performed only on the edge surfaces of phlogopite.

In the case of montmorillonite, all the calculations
were performed with cluster models. The cluster models
were generated from the earlier optimized montmorillon-
ite structure, containing 200 mg H,0/1 g montmorillonite.
The repeat unit of the structure is shown in Fig. 2. Sorp-
tion studies were performed on basal and edge surfaces of
montmorillonite. In the case of the basal surfaces, sorption
onto the TOT layer (SiygAl;oMg,0,3(OH)s,) where no cati-
ons and water molecules exist (Fig. 3a) was considered. To
obtain charge neutrality in the case of strontium sorption,
one or two hydroxyl groups were removed from the model
structure, respectively. In the case of the edge surfaces, the
sorption was supposed to happen onto the cut surface of the
TOT layer, SiyAl,,Mg,04,(OH),,, and the charge neutral-
ity of the model was controlled with sodium cations (6 Na™)
surrounded by water molecules (Fig. 3b).

The sorption calculations for montmorillonite systems
were performed using the density functional DMol3 code
implemented into BIOVIA Materials Studio 2017 R2 [52].
The atomic orbitals were specified with DNP (Double
Numerical plus Polarization) including polarization func-
tions on all atoms. The core electrons were described using

@ Springer
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Fig.2 The montmorillonite structure: the dashed line marked area
describes the periodic model. Tetrahedral sheet: silicon—yellow.
Octahedral sheet: aluminum—pink and magnesium—green. Inter-
layer: sodium—purple, oxygen—red, and hydrogen—white. (Color
figure online)

DFT semi-core pseudopotentials. In the calculations, the
total electronic energy and overall electronic density distri-
bution were solved to define the energetically stable mont-
morillonite structures [53].

Results and discussion

As the groundwater pH in Finland varies between pH 7 and
9 [2], these two pH conditions were chosen to be used in
batch sorption experiments. Errors in experimental results
can be estimated to be due to random errors and NaOH
used to adjust the pH of the solutions, as Na(I) can block
strontium’s sorption sites. The presence and the effect of
other competing bivalent ions, such as Ca(Il), on strontium’s
sorption should also be acknowledged [54]. Differences in
the results of the two pH conditions are not always easy to
distinguish, and this could be explained by a small concen-
tration of added activity (10™'> M) and ionic strength.

Batch sorption

Distribution coefficients K (m’ kg_l) obtained for strontium
on crushed metatexitic gneiss were not observed to vary
much between the two pH conditions (Table 3). As sorp-
tion was studied as a function of time, kinetic modeling was
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Fig.3 The cluster models for Sorption onto
sorption studies on the Na- the basal site
montmorillonite. a Sorption
direction onto basal and edge
sites are represented. b The
cluster model with the interlayer
sodium cations and water
molecules is shown. Tetrahedral
sheet: silicon—yellow. Octa-
hedral sheet: aluminum—pink
and magnesium—green. Others:
sodium—purple, oxygen—red,
and hydrogen—white. (Color
figure online)

Sorption
onto
the edge site

Sorption onto
the edge site

(b)

Table 3 Distribution coefficients K (m? kg_l) of Sr(II) for metatex-
itic gneiss

0,035
Time Ky (x107) (m’ kg™ B
=
pH7 pH9 ‘,,E 0,030
1 day 9.8+0.6 10.7+0.1 & 0,025 -
4 days 22.0+0.8 20.5+£0.3 ]
1 week 175403 192+1.1 2 0,020 !
3 weeks 24.1£3.7 23.7+0.8 s "
Average 183455 18.5+4.8 g 00151
c
2 00101
3
used to fit the experimental findings. Like in the literature, £ 005
. . [
pseudo-second-order modeling was found to describe stron- a

tium’s sorption kinetics the best [55-57]. Figure 4 shows 0,000 —
how strontium’s sorption rate is rapid in the beginning, but 0 100 200 300 400 500
with time the rate of sorption slows down. The result of the Time (h)

kinetic modeling implies that strontium’s sorption rate is m  Metatexitic gneisspH7 ¢ Metatexitic gneiss pH 9

Metatexitic gneiss pH 7 fit Metatexitic gneiss pH 9 fit

limited by chemisorption. Since 1 week’s results deviated
from the rest of the data points, they were excluded from the

.. . . . Fig.4 Sr(II) sorption on metatexitic gneiss as a function of time and
kinetic modeling and have been marked in Fig. 4 with red. J D sorp 8

in the presence of colloids. The pseudo-second-order kinetic model
showed that strontiums sorption rate was limited by chemisorption
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Table 4 Parameters for fitted pseudo-second-order kinetic model

g, (x107%) m*kg™h) ky R?
pH7 33.50+3.87 0.54+0.19 0.99
pH9 27.75+1.48 0.95+0.16 0.99
© -
®

E]

°

% ) ®

T 41

2

(5]

£ 31

(]

8 +

2_ —

5 .

L

S5 14

2

=

.‘2 0 T T T T T

[m] 0 100 200 300 400 500

Time (h)

m  %gr sorption to colloids inpH 7 @ 8Sr sorption to colloids in pH 9

Fig.5 Sr(II)’s sorption on colloids as a function of time and in the
presence of metatexitic gneiss. Changes in sorption followed a similar
trend with both used pHs, but in pH 9 strontium was more strongly
sorbed on the colloid surfaces

The average K, value at pH 7 was determined
to be (18.3+5.5)x10™* m? kg=' and at pH 9
(18.5+4.8)x 1073 m? kg_l. Previously in literature dis-
tribution coefficient values of (84.0+1.0)x 107> m® kg™!
for biotite and (111.0+1.0)x 10~ m? kg=! for meta-
texitic gneiss have been determined for another biva-
lent ion Ba(II) [21]. Through kinetic modeling, g.-
values of (33.50+3.87)x 1073 m? kg=! at pH 7 and
(27.75+1.48)x 1073 m® kg=! at pH 9 were received
(Table 4). Both experimental and kinetic modeling results
imply that strontium’s sorption on crushed metatexitic
gneiss is independent of pH in this study.

Strontium’s distribution coefficient values for colloids
were found to be higher at pH 9 than at pH 7. Whereas
strontium’s sorption on metatexitic gneiss followed pseudo-
second-order kinetics, strontium’s sorption on colloids in
the presence of metatexitic gneiss was governed by des-
orption as a function of time. In Fig. 5 it can be seen how
strontium sorbed on colloids desorbs due to the competition
between metatexitic gneiss rock surface and colloid surfaces.
As the used experimental setup did not allow us to confirm
if all the Sr(IT) sorbed on the surface of metatexitic gneiss
originated from the colloid surfaces and not, for example,
from loose strontium ions in the solution, kinetic modeling
was not applied to colloid results. Nevertheless, it is still
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TabIeS_ Distributi30n . Time K, (m* kg™

coefficients K; (m” kg™") of

Sr(II) for colloids pH7 pH9
1 day 41+09 58+04
4 days 1.8+£0.3 4.5+0.1
1 week 1.8+£03 4.4+09
3weeks 24+0.6 54+02
Average 2.5+09 5.0+0.6

Table 6 Sorption and desorption percentages of metatexitic gneiss
experiments. The presented results are an average of two parallel
samples

Time Sorption (%) Desorption (%)

pH7 pHY pH7 pHY
1 day 52.1+1.1 54.3+0.2 145+1.5 12.5+0.5
4 days 70.3+0.2 69.4+0.2 10.2+0.1 9.3+0.3
1 week 65.9+0.4 68.1+0.9 11.8+0.8 83+04
3 weeks 72.6+2.2 72.5+0.5 6.1+0.9 6.0+0.5
Average 65.2+8.0 66.1+7.0 10.7+3.1 9.0+2.3

observable that at pH 9 fewer strontium ions shift from the
colloid solution phase to the metatexitic gneiss surface than
at pH 7, implying that strontium is more strongly attached
on the colloid surface in higher pHs. The average K, value
for colloids at pH 7 was determined to be 2.5 +0.9 m® kg™!
and for pH 9 5.0+0.6 m> kg~! (Table 5).

Throughout the experiment, the sorption percentage of
metatexitic gneiss was found to range between 50 and 70%
whereas the desorption percentage ranged between 6 and
15% (Table 6). Results show that strontium’s overall sorp-
tion strength to rock’s minerals in the presence of colloids
is not very strong [58] and thus only a mediocre amount of
retention is expected to happen. Based on the low desorption
percentage values received, sorbed strontium does not seem
to desorb very eagerly from the metatexitic gneiss surface
once attached. Resuspension to the liquid phase is slightly
greater at pH 7 at every time point, but otherwise, the effect
of pH on strontium’s sorption/desorption on metatexitic
gneiss was not observed (Fig. 6).

With colloids, strontium’s overall sorption percentage in
the presence of metatexitic gneiss was approximately 95% at
its highest, and sorption remained strongest at pH 9 in every
experimental setup (Table 7). When colloids were rinsed
with fresh groundwater simulant, 6-19% of the suspended
radionuclides resuspend from the colloid surfaces. In this
case, the differences between the two pHs are not distinct,
which could imply that the more loosely attached or free
strontium ions had already shifted from the colloid solution
to the surface of the crushed metatexitic gneiss during the
initial sorption experiment and that low-saline groundwater
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Table 7 Sorption and desorption percentages of colloid experiments

Time Sorption (%) Desorption (%)

pH7 pH9 pH7 pH9
1 day 93.2+1.0 95.2+0.2 6.3+0.7 9.4+0.7
4 days 85.8+1.3 93.9+0.1 11.7+3.7 11.4+0.7
1 week 859+1.4 93.7+0.9 19.2+7.5 15.6+5.6
3 weeks 88.9+1.6 94.8+0.1 7.4+0.7 9.9+0.2
Average 88.4+3.0 94.4+0.6 11.2+5.1 11.6+24

The presented results are an average of two parallel samples

simulant is not strong enough to break the bonds between
the radionuclide and the colloid surface.

Batch sorption experiments showed that strontium’s sorp-
tion on metatexitic gneiss did not seem to be dependent on
pH. This could have been due to the low strontium concen-
tration (1072 M) in the samples, which prevented surface
complexation with carbonate from taking place at pH 9 [46].
Desorption”s pH dependency was not distinct either.

When sorption percentages concerning the colloids were
inspected, dependency on pH was detected. As colloids are
known to have a higher negative charge at pH 9, this result
was expected [59]. In comparison with distribution coeffi-
cient values obtained on crushed metatexitic gneiss, values
on colloids remained a hundred times greater on average
even though some of the strontium desorbed from the col-
loid surface due to the sorption competition (Fig. 7). When
colloids were later rinsed with groundwater simulant, there
was no observable pH dependency.

Sorption results were also affected by the notable dif-
ference between the specific surface areas of metatexitic
gneiss and colloids. As montmorillonite particles have a
larger specific surface area per unit volume than crushed

o
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Fig.7 Strontium’s sorption on metatexitic gneiss and colloids.
Received K, values for colloids were found to be 100 times greater
than the ones for metatexitic gneiss

rock, a greater number of binding sites enables colloids to
bind more radionuclides. Unfortunately, the specific surface
area for montmorillonite colloids could not be determined
in this experiment, and thus the comparison of specific
surface areas can only be done between metatexitic gneiss
(SSA=0.5-1.0 m* g~ + 5% [21]) and montmorillonite clay
particle (SSA=760.0-810.0 m? g_l [43]).

It is known, that for colloids to be relevant in radionuclide
transport, the radionuclide’s affinity to the colloid surface
needs to be significantly stronger than to the rock surface
[29]. Additionally, in longer time scales desorption from
colloids’ surface should not be substantial. Concerning
this study, strontium’s affinity to colloid surfaces is much
stronger than it is to rock surfaces, but it is debatable if des-
orption from colloid surfaces is too significant and fast for
colloids to have a considerable role in transporting strontium
outside of the repository system after canister failure.

Molecular modeling

Molecular modeling was performed in parallel with the
experimental work to assess the sorption affinity at the
molecular level. Sorption of Sr(II) was calculated and stud-
ied onto biotite end-member mineral phlogopite (model min-
eral for metatexitic gneiss) and Na-montmorillonite (model
mineral for bentonite) surfaces. In the case of phlogopite,
two edge sites were considered: a cut surface and a frayed
edge site (Fig. 8). In the case of montmorillonite, sorption
studies were performed for a basal site and an edge site
(Fig. 9).

The sorption energies are listed in Table 8. The Sr(II)
sorption energies on the montmorillonite surface are twice
as strong as on the phlogopite surfaces, indicating higher
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Fig.8 The optimized sorption
positions of Sr(II) on two edge
sites of phlogopite: a a cut
surface and b a frayed edge site.
Aluminum—pink. Hydrogen—
white. Magnesium—green.
Oxygen—red. Silicon—yellow.
Sodium—ypurple. (Color figure
online)

Fig.9 Sorption positions of Sr(Il) ion onto the TOT layer and edge
site of the montmorillonite. A side view on the left, a top view in the
middle, and a top view with van der Waals spheres on the right. Tet-

mobility of strontium in solution where bentonite col-
loids exist. Sr(Il) is a moderately sorbing radionuclide and
it favors the sorption on bentonite instead of metatexitic
gneiss. Results of molecular modeling complement well and
ascertain results gained experimentally by batch sorption
experiments where strontium sorption on bentonite was a
hundred times greater than on metatexitic gneiss.

Column experiment

Colloid breakthrough from the metatexitic gneiss column
was studied by measuring the particle concentration of every
50th sample. Colloid solutions used in column experiments
had DCR values of 900-1200 kcps, which corresponds to
about 0.15 g L™! of colloids in the solution. Colloid break-
through from the rock column varied greatly and on average
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rahedral sheet: silicon—yellow. Octahedral sheet: aluminum—pink.
Others: sodium—purple, oxygen—red, hydrogen—white, and stron-
tium—green. (Color figure online)

Table 8 Sorption energies of Sr(II) onto phlogopite and Na-montmo-
rillonite surfaces

Mineral Sorption site Ton Charge of  Sorption
the model energy
(eV)
Phlogopite Edge site Srdl) +2 —7.54
Frayed edge site  Sr(II) +2 —17.95
Montmorillonite Basal site Srdl) O —14.79
Srdl) -1 —17.86
Edge site Srdl) 0 —16.20

40% of the total colloid volume was able to break through
during 44 days. The colloids used in this experiment had rel-
atively large sizes (300-500 nm) which may have influenced
the interaction between the colloids and the artificial fracture
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surface and thus increased the colloid mobility [29]. Besides
colloid size, the colloid breakthrough was also affected by
whether the colloids were filtered within rock pores, column
tubes, or retained within stagnant pools of flow channels.

Metatexitic gneiss’s pore structure and porosity have been
studied earlier in the REPRO project [36, 60]. The micro fis-
sures and pores of more than 1 um are rare in this rock type
and the porosity is more pronounced in biotite and altered
cordierites consisting of intragranular nanometer-scale
pores. When colloids retain from the flow within the pores
of the rock, the system stabilizes, and more colloids can go
through. The water flow rate used was the fastest possible
(50 uL min~!) in these experimental conditions, diminishing
the effect of sedimentation caused by gravitational forces
and preventing colloids from suspending on rock surfaces.

Strontium’s breakthrough in the metatexitic gneiss col-
umn was found successful. The initial activity of 10.18 kBq
was injected into the column system as a pulse and the high-
est peak of activity was reached quite early, already between
hours 50 and 65, reaching as high as 2.96 Bq mL™'. After
this, the activity breakthrough decreased slowly until it
reached the background level. Approximately 3.90 L of col-
loid solution was pumped into the system. A total amount
of 4.35 kBq came through the column, giving a recovery of
42.7% with a collection time of roughly 1800 h. Compared
to earlier studies with the same column, recoveries of 98%
and 97% were received for the conservative tracers HTO
and Cl1-36, respectively, with a 5300 h collection time [40].

Non-conservative strontium’s breakthrough with col-
loids from the column was observed to be faster than the
conservative tracers’ [40]. This phenomenon, a hydrody-
namic chromatography effect, has been recognized earlier
in the literature [29, 61, 62]. Instead of being slowed down
by migrating through the whole flow profile, the tracer is
transported with the colloid in the middle of the fracture.
The result shown in Fig. 10 has been decay corrected and
the level of the background has been marked with a straight
red line.

The column experiment was terminated after 3 months’
experimental time, which was limited by the tracer’s short
half-life (64.84 days). When background levels were
reached, 60% of the injected activity was still retained within
the system. Strontium’s high mobility can be observed from
the results of the column experiment: The breakthrough was
greatest at the beginning of the experiment, followed by a
slowly decreasing slope of activity until the background
level and the detection limit of the radiometric measure-
ment were reached, and the experiment was terminated. In
the beginning, tracers that have not sorbed to the metatex-
itic gneiss surface will be transported with colloids and as
free radionuclides from the column via groundwater simu-
lant. After this high activity peak, strontium nuclides that
were first retained on the rock surface start to desorb and
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Fig. 10 Sr(I)’s breakthrough from the metatexitic gneiss column.
Sr(IT)’s breakthrough activity concentration (Bq mL™!) has been pre-
sented as a function of time in the metatexitic gneiss column experi-
ment with a flow rate of 50 uL min~'. The largest activity peak was
reached at an early stage, just a few days after the start of the experi-
ment

resuspend to the liquid phase. Migration out of the col-
umn decreases with time as the permeability of the column
decreases through colloid filtration and clogging. The shape
of strontium’s breakthrough curve was found to correspond
well with the one determined earlier by Voutilainen et al.
[19] with the same column.

Column experiment results are consistent with batch
sorption experiments. They are also consistent with molecu-
lar modeling results, which indicate that strontium can sorb
rather strongly onto rock surfaces, but even more so on col-
loids. Had the strontium’s affinity on the rock surface been
stronger or more on par than it was on the colloid surface,
strontium’s breakthrough may not have been observed in the
same magnitude as it was, or it could have been much slower
[29]. As the largest breakthrough of strontium was detected
in an early phase of the experiment, the presence of free or
colloidal strontium in groundwater could be speculated to be
high at the early stages of possible SNF leakage.

Bentonite water is expected to increase the pH of ground-
water in the near vicinity of bentonite buffer, but as the natu-
ral pH of groundwater at the repository level varies between
7.3 and 8.8 [2] pH 7 colloid solution was chosen to be used
in column experiments. In higher pH conditions, colloids are
more stable than they are in neutral media and this stabil-
ity is seen in colloid-facilitated transport with less aggrega-
tion and sedimentation [15]. It could be speculated, that if
pH 9 colloid solution was used in the column experiment,
strontium’s sorption towards colloids could have further
increased due to a more negative colloid surface charge
and more strontium could have broken through the column.
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As the current saline Finnish groundwater conditions do
not seem to favor colloid formation, stability, or sorption
towards colloids, colloid-facilitated radionuclide transporta-
tion is ultimately inhibited. However, the salinity and the pH
of groundwater are expected to change due to the possible
intrusion of post-glacial melting waters or land uplift. As
strontium has a relatively short half-life, the activities of
strontium isotopes in SNF have been halved several times
and most likely ceased to exist by the time the changes in
the groundwater condition are expected to happen [63].
This emphasizes the role of colloids in the migration of
longer-lived radionuclides such as actinides. Even though
strontium’s colloid-facilitated transport is not directly appli-
cable in the current state of the Finnish repository system
and its prevailing environmental conditions, in the countries
where the groundwater is less saline the study of strontium’s
migration stays relevant to this present day as well. This is
the case, for example, in Grimsel, Switzerland [2].

These experiments were done in simplified laboratory
conditions at normal room temperature and thus will not
represent real environmental conditions. In the future, the
flow rate’s effect on sorption and migration could be studied
by repeating the column experiment with a slower flow rate.
Further, more complex systems should be studied and the
effect of higher temperatures on the properties and structure
of bentonite buffer and colloids should be addressed.

Conclusions

Strontium’s sorption on biotite-rich metatexitic gneiss and
MX-80 bentonite colloids was studied with batch sorption
and desorption experiments. In addition, colloids’ effect on
strontium’s migration in flow within the granitic drill core
column was determined. Molecular modeling techniques
were used to assess strontium’s sorption affinity and the
probability of certain sorption sites, as well as to justify the
experimental findings. Furthermore, particle analysis was
utilized to characterize colloids in the solutions.

The distribution coefficient value of
(1.8+£0.6)x 1072 m> kg~! was determined at pH 7 and
(1.940.5)x 1072 m> kg~! at pH 9 for crushed metatexitic
gneiss. For montmorillonite (colloids), a distribution coef-
ficient value of (2.5+0.9) m? kg~! was determined at pH 7
and (5.0+0.6) m* kg~! at pH 9 through batch sorption exper-
iments. Distribution coefficient values determined for mont-
morillonite were found to be approximately a hundred times
greater than the ones determined for metatexitic gneiss.
Strontium’s affinity for colloids in the presence of metatex-
itic gneiss was more dependent on pH. On average, desorp-
tion from montmorillonite was slightly greater, but there
was no significantly observable pH dependency for either
metatexitic gneiss’s or colloids” desorption when rinsed
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with groundwater simulant. Kinetic modeling was used to
fit experimentally received K values for metatexitic gneiss.
Strontium’s sorption kinetics were found to follow a pseudo-
second-order model, where sorption is limited by chemisorp-
tion. Equilibrium capacity values of (33.50 +3.87)x 1073
m?® kg™! at pH 7 and (27.75 +1.48)x 107> m* kg™" at pH 9
for strontium’s sorption on metatexitic gneiss were received.

Strontium’s sorption sites in metatexitic gneiss biotite
(phlogopite) were determined to be on the edge and frayed
edge sites whereas sorption to montmorillonite was found to
take place on the basal plane and edge site. With molecular
modeling, the sorption energies of Sr(II) on the metatex-
itic gneiss’s phlogopite were determined to be —7.54 eV
on the edge site and —7.95 eV on the frayed edge site. For
montmorillonite, sorption energies were determined to be
—14.79 eV and — 17.86 €V on the basal site and —16.20 eV
on the edge site. The sorption energies of Sr(II) on the mont-
morillonite surface were determined to be twice as strong as
on the phlogopite surfaces, implying that Sr(IT) is a mobile
radionuclide as it favors the sorption onto bentonite colloids
instead of biotite in the granitic rock.

Strontium’s breakthrough from the granitic drill core
column was successful. The breakthrough was not only
influenced by radionuclide properties but also by colloid
breakthrough. The recovery of 42.7% for strontium (free or
colloidal) and 40% for pure colloids was obtained. Thus, the
results imply that most of the strontium that broke through
the column migrated with colloids, and had the experiment
been continued further, more strontium may have been
recovered. The presence of colloids was found to fasten
the breakthrough time of strontium in comparison with the
breakthrough results determined for conservative tracers in
our earlier experiments.

The results of this study suggest that bentonite colloids
originating from the bentonite buffer can act as transporters
of strontium in a fracture system.
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