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ABSTRACT

A surface complexation model of Se(IV) sorption on biotite with one type of strong sorption sites and two types
of weak sorption sites were developed based on experimental data obtained from titration, sorption edge and
sorption isotherm experiments. Titration data was collected using a batch-wise manner together with back-
titration to calibrate the effect of mineral dissolution in 0.01 M KClO,4 background electrolytes from pH 3 to 11 in
an inert atmosphere glovebox. Further calibrations of the titration curve include proton exchange and cation
exchange in which the calculations of cation occupancies on biotite surfaces were taken into account. The
sorption edge measurements were determined by measuring the sorption of 10 ~° M total Se with a radioactive
Se-75 tracer on converted biotite in 0.01 M KClO4 solution from pH 3 to 11. Se sorption was observed to be
strongly dependent on pH. Surface complexation modelling was performed by deriving a set of optimized
parameters that can fit titration, sorption edge and sorption isotherm (at pH ~7.7) experimental data. A CASTEP
code implemented into Materials Studio was used to calculate the site densities and site types on the biotite
surfaces. Weak sorption sites with site densities of 3.2 sites/nm? and 1.4 sites/nm? were derived from the codes
and used in the sorption model. A computer code that coupled PHREEQC with Python was developed for the
fitting and optimizing processes. The model was validated by sorption data at pH ~9.5. The results show that the
model can provide quantitative predicts of Se(IV) sorption in groundwater conditions of a deep geological re-
pository and help improve the performance assessments by giving more convincing estimates of the release of
radionuclides towards aquifers and biosphere.

1. Introduction

2018; Missana et al., 2008; Shahkarami et al., 2016; Widestrand et al.,
2010). Se-79, one of the fission products from spent nuclear fuel, is a

The main objective of the disposal of spent nuclear fuel is to guar-
antee long-term isolation of the waste from biosphere and surface en-
vironment (De Canniére et al., 2010; Ewing, 2015; Posiva Oy, 2013;
SKB, 1999a, 1999b; Soderlund, 2016). In many countries, the deep
geological repository consists of crystalline rocks like granite or gran-
odiorite as a host rock, which is the final natural barrier providing re-
tention for radionuclides presented in the spent nuclear fuel (Kitamura
et al., 1999; Muuri et al., 2016; Soler et al., 2015; Soler and Méder,
2007; Tsai et al., 2009). To evaluate the safety of a nuclear waste re-
pository, performance assessment is carried out to ensure that humans
and the environment are sufficiently protected from harmful effects of
radiation. This is conducted by evaluating quantitatively the transport
of potentially released radionuclides through engineered and geologic
barriers and the consequences for humans and the environment in
biosphere. (Altmann, 2008; Mahmoudzadeh et al., 2014; Meng et al.,
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critical radionuclide for long-term safety of a nuclear waste repository
due to its long halflife (3.7 x 10° years) and high mobility (De
Canniere et al., 2010; Ervanne et al., 2016; Ewing, 2015; Ikonen et al.,
2016b; Kim et al., 2012; Soderlund et al., 2016b). It has a high impact
on the cumulative radiation dose in a spent nuclear fuel repository and
needs great concern for the safety assessments (Atwood, 2010; Lehto
and Hou, 2011).

To evaluate the retardation processes of Se under conditions ex-
pected in underground repositories during performance assessment, the
sorption distribution coefficient (Ky) found from the sorption database
is commonly used. Many researchers have studied and given their K4
values for Se based on batch sorption experiments with different cru-
shed minerals (Ikonen et al., 2016a, 2016b) or from in-situ experiments
(Jokelainen et al., 2013; Vilks et al., 2003; Widestrand et al., 2007,
2010). However, to give more detailed analysis of the sorption
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processes, the development of a sorption model is necessary (Ervanne
et al., 2013, 2016; Ikonen et al., 2016b; Missana et al., 2009; Puhakka
and Olin, 2014; Soderlund et al., 2016b). A sorption model can supply
information of the sorption mechanisms of a radionuclide and help
understand the sorption processes deeply. In addition, quantitative
predictions of the sorption results under different geochemical condi-
tions are only feasible with the aid of a validated sorption model. Since
the geological conditions in a nuclear waste repository evolve with the
surroundings over time, a model that can provide results with future
environmental changes is more valuable than sorption K4 values that
were obtained with specific conditions in laboratories.

However, only a few studies investigated the sorption problem with
a mechanistic approach. Missana et al. (2009) studied the sorption of
selenite onto illite and smectite clays experimentally and provided a
one-site model to fit the sorption data from pH 4 to 8, though some of
the modelling parameters were directly taken from other literatures.
Bradbury and Baeyens presented a batch titration method to measure
the pKs of protonation and deprotonation reactions of sorption sites on
surfaces of illite and montmorillonite. Based on the titration results, a 2-
site protolysis non-electrostatic surface complexation and cation ex-
change (2SPNE SC/CE) sorption model was successfully developed to
describe the uptake of radionuclides on these two clay minerals
(Baeyens and Bradbury, 1995a; Bradbury and Baeyens, 2005a, 2009a).
However, quite few studies exist concerning Se sorption onto biotite
mineral with a mechanistic modelling method.

Researchers have shown that biotite has much larger specific sur-
face area (SSA) than the other main minerals of granite and grano-
diorite (Li et al., 2018) and the Se sorption on biotite can, basically,
represent its sorption on the whole bedrock (Yang et al., 2018). Thus,
the aim of this work was to develop a multi-site surface complexation
model for Se(IV) sorption onto biotite based on experimental data from
titration and sorption experiments. A batch forward titration combined
with backtitration method was used to overcome the problem of mi-
neral dissolution in order to measure the pKs of protonation and de-
protonation reactions of sorption sites on surfaces of biotite. Molecular
modelling was used to obtain some basic modelling parameters, such as
site densities and site types. The technique of PHREEQC coupling with
Python was used to calculate and optimize the fitting processes.

2. Materials and methods
2.1. Materials

The biotite used in this work was provided by the Geological Survey
of Finland. The mineral was crushed by milling and the part with
particle sizes 0.075 mm - 0.3 mm was used for titration and sorption
experiments.

Commercial analytical grade KClO, was used after further re-
crystallization to minimize the effect of impurities on biotite sorption
sites (Armarego and Chai, 2013).

Both stable (99%, Sigma-Aldrich) and radioactive selenium (Se-75)
used in the experiments were in +IV oxidation state, in Na,SeO3; and
Na,’®SeQ; form, respectively. Throughout the experimental proce-
dures, both selenium forms remained in + IV oxidation state, which was
studied by the HPLC-ICP-MS method (Li et al., 2018; Séderlund et al.,
2016a, 2016b; Soderlund, 2016). The radioactive Se-75 was purchased
from the Czech Metrology Institute with gamma impurities < 0.1%.

2.2. Mineral characterization

The characterization of biotite by X-ray diffraction (XRD), specific
surface area (SSA) and cation exchange capacity (CEC) has been pre-
viously reported (Li et al., 2018). The XRD data showed that biotite was
100% ( + 5%) pure phlogopite and the structural formula is given as
(KMg1 76Fe0.7Tio.54)(Al1.08Si2.92010)(OHo.44F0.560).

The SSA and CEC data were determined to be
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1.0323 + 0.0041 m*/g and 12.64 * 0.42 meq/kg, respectively.
2.3. Preparation of crushed biotite samples for titration experiments

Impurities, such as Ca>* and Na* that might be attached on the
biotite surfaces, will cause errors in titration and cation/proton ex-
change experiments. Thus, a purifying procedure was applied to the
crushed biotite sample to convert them into a mono-potassium form
containing only K* at the exchange sites as far as possible. A cation
exchange column was used for this conversion work. Ten grams of the
crushed biotite sample was packed into a glass column, and 0.1 M
KClO4 and 0.01 M KClO, solutions were pumped through the column
with a peristaltic pump at a flow rate of 4 mL/h. The equilibrium time
was about one month to ensure that the accessible sorption sites were in
the desired potassium form. The effluent samples were analyzed by
Microwave Plasma — Atomic Emission Spectrometer (MP-AES 4200,
Agilent). The conversion procedure ended when the concentrations of
Mg?*, Ca®*, and AI** ions were under detection limits (< 0.01 ppm)
and the concentration of Na*™ was 0.06 ppm.

2.4. Titration measurements

All the experiments were performed in an inert N, atmosphere
glovebox with the concentration of CO, being about 10 ppm, and the
concentration of O, being < 1 ppm.

Titration was carried out in a batch-wise manner and standard
0.1 M HCI and NaOH solutions of analytical reagent level were used. At
first, 0.5 g converted biotite was equilibrated with 25 mL of 0.01 M
KClO,4 while stirred in a 50 mL Sorvall polypropylene centrifuge tube
for 3 days. Aliquots of standard acid or base were added to the pre-
equilibrated biotite suspensions to give a series of initial pH between 3
and 11. Then the centrifuge tubes were shaken end-over-end for 24 h.
Additional acid or base solutions were added into the centrifuge tubes
to get the final wanted pH. After shaking, the tightly closed centrifuge
tubes were transferred out of the glovebox and centrifuged followed by
returning into the glovebox for sampling. Two samples were made from
each single vial for different measurement purposes. Firstly, 5 mL of
supernatant was taken from each vial and the pH were measured, after
which the concentrations of Na, K, Ca, Mg, Al, Mn and Si were de-
termined by MP-AES. Secondly, 15 mL of the supernatant was sampled
for the subsequent backtitration. The backtitration was carried out by
adding aliquots of standard base or acid solutions to each sample until
the pH value was returned to the initial pH 7. The samples were stirred
constantly and the time intervals of adding each aliquot of base or acid
standard solution were > 5 min to achieve complete backtitration re-
actions.

2.5. Cation exchange selective coefficients measurements

Solutions containing MgCl,, CaCl,, AlCl3 and NaClO4 were used for
checking the selective coefficients of cation exchange reactions between
corresponding cations and K* ions on the biotite surface. Firstly, 0.5 g
converted biotite and 25 mL of 0.01 M KClO, solution were left in a
50 mL polypropylene centrifuge tube to stabilize for 5 days to obtain
equilibrium. Then, a series of samples with cation concentrations from
5x 107°Mto 1 x 10~2 M were prepared by adding 0.5 mL mother
solution which contains different concentrations of corresponding ca-
tions. The sample vials were then shaken for one week, after which the
samples were centrifuged. The pH of the supernatant was checked and
the concentrations of different cations (K*, Mg®*, Ca®*, AI**, Na*)
were measured by MP-AES.

2.6. Sorption of Se as a function of pH (Sorption edge) measurements

Sorption edge measurements were carried out with trace radioactive
Se-75 concentration in a controlled N, atmosphere glovebox as shown
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in Section 2.4. The aim was to obtain sorption capacity of selenium at
107° M (radiotracer added was 528 Bq/10 mL, corresponding
1.66 x 10~ 1% M) as a function of pH at fixed ionic strength. Firstly, 0.5 g
converted biotite was first equilibrated with 25 mL of 0.01 M KClO4
solution in a 50 mL polypropylene centrifuge tube for 3 days. Aliquots
of standard acid or base were added to the vials together with proper
amount of Se-75 and concentrated selenium solution in a way that the
concentration of total selenium was 10™° M in a pH series. The vials
were then closed tightly and shaken end-over-end for 7 days. Subse-
quently they were transferred out of the glovebox and centrifuged.
After returning to the glovebox, the pH of the supernatant was checked
and sampled for radioactive measurement. Radioactive Se-75 was
measured by a Hidex-AMG gamma counter in 8 mL background solu-
tions. The measurement window covers the energies of the main
gamma emissions of Se-75 (121 keV, 17.20%; 136 keV, 58.5%;
265 keV, 58.9%; 280 keV, 25.02%). The counting time was set to be
30 min.

2.7. Sorption as a function of concentration (sorption isotherm)
measurements

The details of sorption isotherm measurement procedures have al-
ready been described in the previous publication (Li et al., 2018).
Sorption isotherm measurements were performed to obtain the sorption
data of Se(IV) on biotite sample with Se(IV) concentrations between
1.66 x 107'*M to 1 x 10~ 3 M. The batch sorption experiments were
conducted in two different ways. After stabilizing the mixture of biotite
and 0.01 M KClO, for two weeks, in one way, non-radioactive selenium
was added into the vials, causing a series of selenium concentration
from1 x 1077 Mto 1 x 103 M; in the other way, radioactive Se-75
mixed with non-radioactive selenium was added, and the total selenium
concentration in the background solution was ranged from
1 x 107" Mto1 x 10”7 M. Then, all the vials were agitated for two
weeks followed by centrifuging and sampling. For stable selenium, the
concentration was determined with ICP-MS (Agilent 7500ce) while
Hidex-AMG gamma counter was used to detect the Se-75 concentration.

The distribution coefficient K4 of selenium can be determined as
follows,

CO - Caq |4
[ >< JR—

K, =
d Caq m

where C, (mol/L) is the initial concentration of stable selenium in the
solution or the selenium concentration derived from the activity of Se-
75 in blank samples (without rock minerals). Coq (mol/L) is the final
concentration of stable selenium in the groundwater simulant or the
selenium concentration that was derived from the activity of Se-75. V
(L) is the volume of solution and m (Kg) the mass of the solid phase.

2.8. Modelling methods

The main purpose of the modelling is to find a set of parameters that
could fit all the experimental data. If a set of modelled parameters were
reached, it is believed to have great constraints for errors and could
reasonably reflect the real properties of Se sorption processes (Bradbury
and Baeyens, 1995, 1997, 2000).

Titration results can give information of site capacities and acid/
base constants of the site protonation and deprotonation reactions,
which are basic parameters for further sorption result simulations.
Thus, the titration results were considered first.

The sorption results of Se can provide information about the con-
stants of reactions between different Se species and sorption sites. Two
types of sorption sites will be discussed here in a surface complexation
model, the strong sorption sites (=S°0H) and weak sorption sites
(=SYOH). This approach is supported by the existence of multiple sites
on the surface of biotite (Bradbury and Baeyens, 1997; Dahn et al.,
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2011; Zheng et al., 2003). The strong sorption sites (=S°0H) are con-
sidered having small capacities but strong complexes with sorbate.
Strong sorption sites (=S°0OH) will dominate the sorption when the
sorbate is in a trace amount. The weak sorption sites (=S"OH), on the
contrary, have much larger capacities, but much weaker complex
abilities. The weak sorption sites (=S"WOH) are believed to have
dominant effects when the solution ions are in large concentrations.

Two types of weak sorption sites (=S"“'OH and =S"“20H) and one
type of strong sorption sites (=S°OH) were assumed to exist on biotite
surfaces based on molecular modelling results performed by quantum
mechanics CASTEP (CAmbridge Serial Total Energy Package) code. The
molecular modelling results were calculated by solving the total elec-
tronic energy and overall electronic density distribution in order to
define the energetically stable structures (Clark et al., 2009; Leach,
2001; Puhakka et al., 2017; Puhakka and Olin, 2014). The modelling
results show that two types of weak sorption sites exist on biotite sur-
faces (base (001) surface and edge (110) edge surface) with the site
densities of 3.2 sites/nm? and 1.4 sites/nm?, respectively.

For all the fitting and optimisation processes, a code that coupled
PHREEQC with Python was developed (Charlton and Parkhurst, 2011;
Liu et al., 2014; Wissmeier and Barry, 2011). PHREEQC is a computer
program that is designed to perform a wide variety of aqueous geo-
chemical calculations like speciation, sorption reactions, one-dimen-
sional (1-D) transport and inverse geochemical calculations. Python is
an open source and high-level programming language. It has an ex-
tensive ecosystem of scientific libraries and environments, and it has
great performance due to close integration with time-tested and highly
optimized codes written in C and Fortran. All these features make Py-
thon a suitable language for scientific computing. To facilitate inter-
action between PHREEQC and Python, a Microsoft COM (component
object model) and COM version of PHREEQC called Iphreeqc were
used. COM provides a server that allows PHREEQC to be used by any
software that can interface with a COM server — for example, Excel,
Visual Basic, Python and MATLAB. Iphreeqc is a version of PHREEQC
that is specially designed for coupling to other programming codes and
here it is coupled with Python for the fitting and optimization of the
modelling results. While it retains all of PHREEQC reaction capabilities,
Iphreeqc provides additional methods for data manipulation and com-
munication to the host application (Charlton and Parkhurst, 2011;
Wissmeier and Barry, 2011).

The modelling was performed by fitting titration, sorption edge and
sorption isotherm data in an iterative procedure. Any parameter fitted
in the present step will be fixed in all the subsequent steps. The iterative
procedure breaks out if no satisfying fitting result can be reached. Then
the modelling process returns to the first step with different parameters
and begin the iteration again. The iteration ends when a group of
parameters is found to be able to describe all the experimental results
successfully (the squares of the difference between experimental data
and simulated data < 10™%).

3. Results and modelling
3.1. Titration

In the studies of mineral surface site capacities and intrinsic surface
protonation and deprotonation constants for amphoteric =SOH type
surface sites, batch forward titration combined with the backtitration of
the supernatants is more favored instead of continuous titration. The
main problem of continuous titration is that it ignores the H /OH™
consumption arising from the dissolution of minerals, which is quite
significant at extreme pH values (pH > 10 and pH < 5). The ig-
norance of mineral dissolutions, together with other proton consuming
or releasing mechanisms (such as proton and cation exchange reactions
that we will show later) will cause two high H* /OH™ consumption in
extreme pH areas.

To overcome the problem of mineral dissolution during titration,
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researchers pointed out a batch backtitration method which could
compensate the amount of mineral dissolved (Baeyens and Bradbury,
1995a, 1995b; Bradbury and Baeyens, 1995; Schulthess and Sparks,
1986). In this method, the supernatants from forward titration samples
are back-titrated to a common end point. The quantities of acid or base
consumed in the backtitration are subtracted from the quantities of the
base or acid consumed in the forward titration. The theory can be ex-
plained by the following. In our case, biotite, in the minerals compo-
sition of (KMg; 76Feq.7Tio.54)(Al1.085i2.92010)(OHo.44F0.560), will dis-
solve in forward titration process and the dissolution reaction can be
described by

(KMg, ,cFeq7Tig s4) (Al 08Si2.92010)(OH44Fy 560) + 1.32H,0 + 8.6H*
& K + 176Mg?* + 0.7Fe?* + 0.54TiO, + 1.08AP+ + 2.92
H,4SiO, + 0.56F—

8.6 mol H* are consumed by the dissolution of 1 mol biotite. In the
backtitration, OH™ is consumed by the reaction products to reach a
neutral pH and the following species are formed

Kt=K*

1.76Mg?>*=>1.76Mg>*

0.7Fe** + 1.40H =>0.7Fe(OH),
0.54Ti0,=0.54TiO,

1.08A13* + 3.240H =>1.0841(0OH);
2.92H,Si04=>2.92H,Si0,

0.56F =—=0.56F "~

4.64 mol OH™ are consumed by backtitration to neutral pH. This
leaves 3.96 mol H* per mol of dissolved biotite not accounted for by
backtitration. This part of H" should be added to the backtitration data.

Similarly, in the basic direction, 2.96 mol OH™ are consumed by the
dissolution of 1 mol biotite while 6.92 mol H* are consumed by
backtitration, indicating 3.96 mol H* more are consumed in the
backtitration.

The chemical analysis results of Si and Al in the supernatants after
titration show that the concentrations of Si and Al rise sharply at
pH = 5and pH = 10 (Fig. 1), indicating severe dissolution of biotite in
the extreme pH conditions. The amounts of Si and Al remain constant at
neutral pH (pH 6-8), which could be regarded as the background
concentrations of these two elements. Thus, the difference between the
concentrations of Si and Al at pH < 5 and pH = 10 and the background
concentrations could be considered as the dissolved amounts of these

3
5510 . ’ . . , .

A A
S|

451 1

35 b

Conc (M)

25

>

151 A - A,
A L
1h AAg _
L]

L L

3 4 5 6 7 8 9 10 11

Fig. 1. Concentration of Al and Si elements in supernatants as a function of pH
after forward titration of converted biotite in 0.01 M KClO4,.
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two elements. Based on these assumptions together with the batch ti-
tration theory mentioned above, the correction of the H* and OH™
consumed in the backtitration can be calculated (Table 1).

However, the whole H* /OH™ consumption in the batch forward
titration cannot be compensated by just backtitration, especially in the
extreme pH regions. Other factors, mainly proton exchange and cation
exchange reactions between the dissolved cations and the biotite sur-
face K*, have effects on the titration process as well. If we simplify the
biotite mineral as M(OH)3, the process of cation exchange can be de-
scribed by the following:

In the forward titration, M(OH); dissolves and consumes H*:

M (OH); + 3H*<=M>* + 3H,0

In the backtitration, dissolved M®* ions are titrated to the neutral
pH:

M3+ + 30H <M (OH);3

In the ideal situation, the amount of OH™ consumed could indicate
all the amount of H* consumed by mineral dissolution. However, the
fact is that, part of the M>* will exchange with the surface K* and will
be removed from the solution. The reaction can be written as:

3K _biotite + M3+<M _biotite + 3K*

For example, Puhakka and Olin studied the cation exchange reac-
tions of Ni2* with the K* on the iron-rich biotite (annite) surfaces. The
results show that K* will be replaced by Ni** on the basal surfaces of
biotite (Puhakka and Olin, 2014).

The exchanged cations will not be accounted for by the back-
titration. Following Gaines & Thomas convection (Gaines and Thomas,
1953), the ion exchange selectivity coefficient is defined by:

Kg/—]\;}[‘ — [Mbiotile] [K+]3
[Kbiatite ]3 [M3+]

where [Mp;otite] and [Kpiorite]l represent the equivalent fraction of the
corresponding sites. [K*] and [M>*] are the concentrations of different
cations.

Similarly, the proton exchange reaction can be described by:

K _biotite + H* = H_biotite + K*

and the selectivity coefficient can be defined by Gaines & Thomas
convection as shown above.

By recording the cation exchange abilities of different cations with
K* on biotite surface, the corresponding selectivity coefficients of the
cation exchange reactions could be measured (Table 2). The selectivity
coefficient of the proton exchange reaction is assumed to be one, since
the study of the exchange reactions of hydrogen ions is greatly com-
plicated because of the instability of the mineral. This assumption was
also adopted by other researches (Bradbury and Baeyens, 2009a,
2009b; Gilbert and Laudelout, 1965).

The CEC of converted biotite was determined by checking the end
point of the cation exchange curve of AI** which has the largest cation
exchange ability. There is a clear trend that the quantity of cation ex-
change ions is going to be saturated at the end point region (Fig. 2). A
CEC value of 19.5 meq/kg was estimated and used in the selectivity
coefficients calculations. The CEC value measured by ammonium
acetate for non-converted biotite in our previous work with the same
particle size from 0.075 mm to 0.3 mm was 12.64 meq/kg (Li et al.,
2018).

Thus, the amount of sorption sites occupied by cations on the biotite
surface at each pH could be calculated according to the measured
equilibrium concentration of different cations in the supernatant and
the CEC value (Table 3). The results show that AI®* is the most
abundant cation that is sorbed on the biotite surface. The quantities of
other sorbed cations could be omitted in comparison with that of AI>*.
The quantities of proton exchange are also in a small amount. Based on
the results in Table 3, AI** and H* occupancies are going to be used for
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Table 1
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Summary of the titration, backtitration and dissolution correction data according to dissolved concentration of Si in extreme pH regions. The background con-
centration of Si is 6.6 X 10~ mol/L. The dissolution corrected consumption is calculated by the subtraction of forward titration with backtitration and mineral

dissolution (the column of H* /OH™ correction for backtitration).

pH Forward titration Backtitration (mol) Dissolved Si (mol) Dissolved biotite H™"/OH" correction for backtitration  Dissolution corrected consumption
(mol) (mol) (mol) (mol)

Acid titration

5.13 3.2E-05 7.7E-06 5.8E-06 2.0E-06 7.8E-06 1.7E-05

4.67 4.3E-05 1.4E-05 6.2E-06 2.1E-06 8.4E-06 2.1E-05

4.32 6.0E-05 2.7E-05 7.9E-06 2.7E-06 1.1E-05 2.2E-05

3.97 8.5E-05 4.4E-05 1.1E-05 3.7E-06 1.5E-05 2.6E-05

Base titration

10.26 1.5E-05 9.7E-06 1.4E-06 4.9E-07 1.9E-06 7.3E-06

10.38 2.0E-05 1.3E-05 1.9E-06 6.6E-07 2.6E-06 9.3E-06

10.70  3.0E-05 2.3E-05 3.8E-06 1.3E-06 5.1E-06 1.3E-05

10.88 4.0E-05 3.3E-05 5.0E-06 1.7E-06 6.8E-06 1.4E-05

Table 2 factors mentioned above: backtitration, mineral dissolution, cation ex-

Cation exchange reactions of the dissolved cations with biotite surface K* and
the calculated selectivity coefficients according to the Gaines and Thomas
convection.

Cation exchange reaction Selectivity coefficients (K)

K-biotite + H™ = H-biotite + K™ 1 (logk = 0)
K-biotite + Na* = Na-biotite + K* 3.4
2 K-biotite + Mg>* = Mg-biotite +2 K* 0.16
2 K-biotite + Ca?* = Ca-biotite +2 K* 0.17
3 K-biotite + AI** = Al-biotite +3 K* 0.59
-5
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Fig. 2. The amount of AI** sorbed on the surface of concerted biotite as a
function of aqueous AI** concentration from 5 x 10 °*Mto 1 x 1073 M.

Table 3

The amount of sorption sites occupied by cations on converted biotite calcu-
lated using the selectivity coefficients listed in Table 2 with CEC value of
19.5 meq/Kg.

pH Cation occupancies (meq/Kg)

H K Ca Mg Na Al
5.13 0.0037 4.9 0.029 0.120 0.028 14.4
4.67 0.0087 4.1 0.020 0.096 0.190 15.1
4.32 0.016 3.4 0.012 0.076 0.013 16.0
3.97 0.030 2.8 0.009 0.060 0.075 16.5

corrections of cation exchange and proton exchange effects.

A summary of the forward titration, backtitration, cation exchange,
proton exchange and net consumed H* /OH™ data are shown in Table 4.
The quantities of the net consumed H* or OH™ are calibrated by all the

change and proton exchange. The results show that backtitration is the
main calibration for the forward titration data. This proves that mineral
dissolution occurred during the titration processes and introduced er-
rors into the titration data and continuous titration is not suitable for
titrating minerals like biotite. Comparing with backtitration, the con-
tributions of the calibrations of cation exchange and proton exchange to
the titration curve are insignificant. However, Bradbury and Baeyens
pointed out in their earlier work that the relative importance of H* and
AIP* depends sensitively on the background electrolyte concentration
and type, and increases in importance as the ionic strength decreases
(Bradbury and Baeyens, 2009a, 2009b, 2005a, 2005b). In this work, the
background electrolyte is 0.01 M KClO,4, which can be regarded as a low
concentration. The biggest contribution of cation exchange and proton
exchange is ~7% at pH 5.13.

The titration results were modelled in terms of protonation reac-
tions. The sorption of Se on biotite happens through surface com-
plexation mechanism, i.e. on the hydroxyl surface functional groups
(=SOH) which are amphoteric and exist at broken bonds and edge sites
on mineral surfaces (Li et al., 2018; Rovira et al., 2008; Soderlund et al.,
2016b). In essence, a titration plot is a proton adsorption and deso-
rption isotherm for the = SOH sites. A quantitative understanding about
the acid/base behaviour of surface binding sites is critical for any model
description. The proton sorption and desorption behaviours of the
sorption sites (=SOH) could be modelled in terms of protonation re-
actions:

= SOH + H*<= = SOH}
and deprotonation reactions:
= SOH< = S0~ + Hf

The reaction constants can be described without an electrostatic
term like,

[=SOH?]
[=SOH] - {H'}

Kprotonation =

and

[=SO7].{H"}
[=SOH]

Kdeprotonation =

respectively, where [] represents concentrations in M and {} represents
activities.

As described earlier, the sorption site densities of two types of weak
sorption sites were calculated by molecular modelling, while the
sorption site density of the strong sorption sites was estimated by the
fitting of sorption isotherm data, which will be discussed later. The
general parameters that were used for the titration modelling as well as
the sorption edge and sorption isotherm modelling later are shown in
Table 5. These basic parameters were fixed for the whole modelling
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Table 4
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Summary of the forward titration, backtitration, minerals dissolution calibration, cation exchange, proton exchange data for plotting the titration curve. The
experiments were carried out with 0.5 g converted biotite and 25 mL 0.01 M KClO, (solid to liquid ratio: 20 g/L). The quantities of the net consumed H* or OH™ are
calibrated by backtitration, mineral dissolution, cation exchange and proton exchange.

pH Acid/Base added (mol) Backtitration added (mol) Mineral dissolution (mol) Cation exchange (mol) Proton exchange (mol) Net consumed (mol)
Acid

6.41 7.0E-06 3.3E-07 - - - 6.7E-06
6.05 1.1E-05 1.3E-06 - - - 9.7E-06
5.72 1.3E-05 2.0E-06 - - - 1.1E-05
5.38 1.7E-05 4.0E-06 1.7E-06 - - 1.1E-05
5.35 1.6E-05 3.8E-06 1.9E-06 - - 1.1E-05
5.13 3.2E-05 7.7E-06 7.8E-06 2.4E-06 1.8E-09 1.4E-05
4.67 4.3E-05 1.4E-05 8.4E-06 2.5E-06 4.3E-09 1.8E-05
4.32 6.0E-05 2.7E-05 1.1E-05 2.7E-06 8.1E-09 2.0E-05
3.97 8.5E-05 4.4E-05 1.5E-05 2.8E-06 1.5E-08 2.3E-05
3.50 9.3E-05 4.6E-05 1.9E-05 2.9E-06 1.9E-08 2.5E-05
Base

8.37 2.2E-06 1.7E-06 - - - 4.8E-07
8.96 4.0E-06 1.7E-06 7.3E-07 - - 3.1E-06
9.55 7.0E-06 2.8E-06 4.8E-07 - - 4.7E-06
9.73 8.0E-06 3.8E-06 5.2E-07 - - 4.8E-06
9.88 1.0E-05 5.0E-06 9.6E-07 - - 6.0E-06
10.26 1.5E-05 9.7E-06 1.9E-06 - - 7.3E-06
10.38 2.0E-05 1.3E-05 2.6E-06 - - 9.3E-06
10.70 3.0E-05 2.3E-05 5.1E-06 - - 1.3E-05
10.88 4.0E-05 3.3E-05 6.8E-06 - - 1.4E-05

le-5

Table 5

General parameters used in titration and sorption data modelling. SSA, Mass
and CEC data are measured from experiments. The sorption site densities of
two weak sorption sites (=S“'OH and =S"“?0OH) are from molecular mod-
elling results while the sorption site density of the strong sorption site
(=S°0H) is the optimized modelling parameter.

Parameter Biotite

SSA(m?/g) 1.0323

Mass (g) 0.5

Sorption site densities (sites/nm?) 0.00068 (=S°0H)
3.2 (=SW'OH)
1.4 (=SV?0H)

CEC (meq/Kg) 12.64

procedures.

The modelled protonation and deprotonation reaction constants for
the strong sorption sites and two types of weak sorption sites are shown
in Table 6 and the results are shown in Fig. 3 with experimental data for
comparison. One thing should be mentioned for the calculated results is
that it is assumed that the protonation/deprotonation reaction con-
stants for strong sorption sites (= SSOH) is the same as those for the first
type of weak sorption sites (=S"W'OH) (Ervanne et al., 2013; Missana
et al., 2009; Wang et al., 2001). The reason for assuming this is that the
unknown parameters are too many without this assumption, which
creates too much uncertainty and unpredictability to the modelling
results.

The site types and site densities as well as the corresponding

Table 6

Protonation and deprotonation reaction of hydroxyl surface func-
tional groups (=SOH) and the corresponding reaction constants of
biotite in 0.01 M KClO,.

Reactions logK
=SS0OH + H' < = S°OH," 5.05
=S°0H < = $°0~ + H* —-8.78
=SY'OH + H* < = SW'OH,* 5.05
=S"'OH < = s"'0~ + H* —-8.78
=S"?0H + H* < = S"?0H," 6.10

=S$"20H < = s“20~ + H* —11.22

B modelling results
® experimental results
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Fig. 3. Titration experimental data for Se(IV) sorption on converted biotite in
0.01 M KClOy solution from pH 3 to pH 11 (@) and the modelling results (ll).

protonation and deprotonation constants play a central role in the
sorption data modelling. The set of parameters describing the ampho-
teric behaviours of =SOH type sites will become non-adjustable para-
meters in all the following modelling approaches.

3.2. Sorption edge

The sorption edge measurements were carried out by measuring the
sorption of 10™° M total Se with a radioactive Se-75 tracer on con-
verted biotite in 0.01 M KClO, solution. The tested Se is in +IV oxi-
dation state (Se(IV)). According to the previous work (Li et al., 2018),
Se(IV) will not be oxidized to + VI state or reduced to elementary se-
lenium during the experiments. The sorption edge experimental results
(Fig. 4) show that the sorption of Se on biotite surfaces decreases as pH
increases from 3 to 8, while in the basic region, the Ky values decrease
to near 0 and the sorption was considered negligible in comparison with
the sorption in the acidic region. In the deep groundwater conditions of
granitic rock, the water is usually in a slightly basic state (7-10), which
makes Se a highly mobile element.
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Fig. 4. a) Sorption edge data (@) of 10~° M Se(IV) on 0.5 g converted biotite in 25 mL 0.01 M KClO, solution from pH 3 to 11 and the modelling results () with
strong sorption sites. b) The modelled moles of different sorption species on the surface of biotite as a function of pH from 3 to 11.

Two main sorption mechanisms, ion exchange and surface com-
plexation, are considered influencing the sorption of radioelements on
mineral surfaces. Ion exchange sites originate from the isomorphous
substitution of lattice elements, causing permanent negative or positive
charge regions on the surface of mineral platelets. Charge neutrality is
maintained by the presence of an excess of counter-charge ions in so-
lution held electrostatically in close proximity. The electrostatically
bound ions can undergo exchange with the ions in solution. This kind of
sorption mechanism has a weak dependency on pH except at low pH
(Bradbury and Baeyens, 2002, 2009a). However, Fig. 4 shows a strong
pH dependency of Se sorption, which indicates the fitting of the second
sorption mechanism, i.e. surface complexation. Surface complexation
happens to nuclide bounding on sorption sites which are perceived as
being surface hydroxyl groups (=SOH). The = SOH groups can undergo
protonation (=SOH,*) and deprotonation (=SO~) reactions, de-
pending on the pH conditions of background solutions. The protonation
and deprotonation properties of the sorption sites have been analyzed
by titration experiments in the above section.

In the modelling of Se sorption edge process, only the uptake on
strong sorption sites was considered because of the very low con-
centration of tracer ions used in the experiments (10~° M). The two
model parameters required to calculate sorption edge are the =SSOH
site density and the surface complexation reaction constant K. The
aqueous speciation of Se will play an import role in the sorption edge
modelling because different Se species with three different valences
(Se052~, HSeO3~, H,Se0s) exist in the experimental pH range from 3
to 11, as shown in Fig. 5a. The figure was calculated based on the
speciation data from Ervanne et al. (2016) and shown in Table 7.
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Table 7

Se species and speciation reactions expected in 0.01 M KClO4
solution. The thermodynamic equilibrium constants were
cited from Ervanne et al. (2016).

Speciation reaction Log K
H* + HSe™ = HSe 3.8
HSe™ = Se?” + H* -14
H* + Se03%~ = HSeO3~ 8.54
2H* + SeO3%~ = H,Se0; 11.24
H* + Se0,>” = HSeO4;~ 1.8
2H" + Se0,2” = H,SeO, -0.21

Fig. 5b shows the distribution of strong sorption sites under different
pH conditions calculated based on the data in Table 7. The aqueous
speciation and sites distribution provides a guide for choosing reason-
able surface complexation reactions. For most of the pH range, HSeO5; ™
and SeO5>~ are the two dominant species in the background solution.
The surface complexation reactions representing the sorption of the two
species on =S%0H will be identified first:

Se0?™ + =SSOH< = SSOHSe03~

HSeO; + =S0H«< = SS0H,Se0;

In the acidic area, the protonated sorption hydroxyl groups
=SOH," will become popular and the complexation reaction with
HSeO;~ happens (The amount of SeOs>~ is insignificant in the acid
environments and the complexation of SeO3>~ with =SOH," will be
omitted). The complexation will be expressed as:

1.0 1

(b)

0.8 1

0.6 -

—— S°0H;

0.4 4

0.2

0.0 -

10

Fig. 5. a) Se speciation calculated as a function of pH. The whole concentration of Se is set to be 1 x 10~° M. Redox processes were not taken into account in the

calculations. b) The strong sorption sites distribution as a function of pH.
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Table 8

Surface complexation reactions of different Se species on strong sorption sites
and the related reaction selectivity coefficients used in the modelling of sorp-
tion edge results.

Reactions log K
Se052~ + =S°0H < =SS0HSe0;2~ -2.23
HSeO3~ + =S°0H < =S°0H,Se0;" 7.89

H* + HSeO3~ + =SOH < =S°0H,HSe0; 13.46
H* + HySeO; + =S°0H «= =S°0H,H,Se0;" 13.02

H* + HSeO; + =SOH« = SSOH,HSe03

Also, in strong pH region (pH < 4), the amount of H,SeO3 species
could not be neglected. The complexation between =S°0OH,* and
H,SeO3 should also be considered:

H* + H,Se0; + =SSOH«< = SS0H,H,Se0%

The selectivity coefficients of the strong sorption sites, K%, for the
surface complexation reactions could be expressed like:

s _ [=SSOHSe0;7]
$e03” " {Se027}+ [=SSOH]

where Kseozz—s is the complexation selectivity coefficient, and [] the
concentration of sorption sites and {} the activity of aqueous species.
The selectivity coefficients Kyseo,-°, Kn,seo,” and Ky,seo,+> have similar
expressions.

The modelled sorption edge data shown in Fig. 4a are based on the
selectivity coefficients listed in Table 8 which have been optimized by
the least squares method (best fit). Comparing the selectivity coeffi-
cients calculated, which indicate the abilities/possibilities of surface
reactions, the reaction between SeO52~ and = SOH is the most difficult
to happen (logk = —2.23), while the reaction between HSeO3;~ and
=S%0OH happens more easily (logK = 7.89). The calculated moles of
different sorption species on the surface of converted biotite are illu-
strated in Fig. 4b. It shows that the production of =S%0HSeO5>~ which
results from the reaction between =S°OH and SeO5>~ is quite low and
it will not cause obvious influence for K4 values if pH is below 10. At pH
conditions between 6 and 10, the main sorption species on biotite
surface is =SS0OH,SeO;~ which results from the reaction between
=S%0H and HSeO; ™. This is the most important reaction that occurs
under the conditions of deep geological repository. If pH is below 5, the
main sorption species on biotite surface becomes =SS0OH,HSeO; which
is the production of H*, HSeO3~ and =S°0OH. This might be important
process in surface water conditions. The =S50H,H,SeO;™ species will
appear only under pH 5 and may become important under acidic con-
ditions. The inconsistence between the modelled and experimental re-
sults was found between pH 8 and 9 due to reactions between =SOH
and HSeO;3 ™. However, the modelled and calculated results are in good
agreement under other pH conditions.

The order of the selectivity coefficients corresponds to the de-
termined sorption energies of different Se species calculated by mole-
cular modelling (Puhakka et al., 2017). The modelling is based on
solving the total electronic energy and overall electronic density dis-
tribution in order to define the energetically stable structures of mi-
nerals and sorption species. Exothermic sorption energies indicate that
surface complexation reactions are presumable. Based on molecular
modelling results, HSeO32~ and H,SeOs; could form the very stable
complexes on the edge surfaces of biotite (Table 9). However, it has to
be stated that the neutral Se species do not occur in the natural
groundwater conditions in the bedrock or our batch sorption experi-
ments (pH 8). Therefore, the most probable Se species in the sorption
reaction is HSeO3 .

Fig. 6 shows the sorption geometries for the investigated Se species.
Sorption of SeO32~ happens onto the surface via its oxygen atoms to the
hydrogen atoms of the surface hydroxyl groups (Fig. 6a). Further,
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Table 9
Sorption energies (eV) of the Se species onto the biotite (phlogopite) surfaces.
Se species Phlogopite
$5(110) s"(110) sY(110) s¥(001)
-0-Se -0-Se -Se-O0 —0-Se
Se(IV)03>~ 1.3 4.6 6.4 5.7
HSe(IV)O5; ™~ -27 -1.8 4.5 3.4
H,Se(IV)O3 —4.6 —-5.2 0.7 -23
Se0O5?~ reacts with the surface hydroxyl groups taking on a proton to

itself and forming the HSeO3;~ species. On the weak sorption site,
Se0;>~ remains unchangeable (Fig. 6b). During the sorption of
HSeOs3 ™, Se species gives up its oxygen atom to the surface. After the
replacement of the surface hydroxyl groups, reaction releases water like
the Sy2-I reaction mechanism predicts, and HSeO3;~ transfers to the
cationic HSeO, " species. The reaction is similar on both sorption sites
(Fig. 6¢ and Fig. 6d). When neutral H,SeO3 species adsorbs onto the
surface, cationic HSeO,* species forms and water is released (Fig. 6e
and Fig. 6f). The results reveal that electron transfer reactions happen
between the biotite surface and Se species, and all these sorption re-
actions happen spontaneously.

3.3. Sorption isotherm

The sorption isotherm experimental results (Fig. 7) show that a clear
increasing trend exists for K4 values with the decrease of Se con-
centration; however, a drastic increase happens when the Se con-
centration decreases from 10~7 M to 10~ 8 M. Two platforms could be
observed in the low concentration area (10~ '° M to 108 M) and high
concentration area (10~7 M to 102 M). This may indicate different
sorption mechanisms when the concentration changed. The K, values
stabilized at 0.01-0.02 m>/kg in the high concentration area and at
0.06-0.07 m®/kg in the low concentration area.

Sorption isotherms for Se on biotite were measured at slightly basic
environments (pH ~ 7.7) over concentration ranges from 107 M to
102 M. All the strong sorption site parameters, including surface site
density and surface reactions derived from the sorption edge modelling
were fixed. The surface reactions of Se species between the two types of
weak sorption sites are the remaining unknown parameters at this
stage.

According to the Se speciation distribution calculations (Fig. 5),
HSeO3; ™ is the dominant Se species at the experimental conditions.
Furthermore, as shown by the sorption edge modelling results (Fig. 4),
the reactions between =S°0H and HSeO;~ and the reaction between
=S%0H, H* and HSeO3 ™ are the main reactions from pH 7 to 10. Thus,
HSeO3~ will be considered as the main reactant with the two weak
sorption sites which determines the main shape of the isotherm curve in
high concentration area. Table 10 shows the surface complexation re-
actions between HSeO;~ and =S“W!OH/ =SW?0OH together with the
optimized logK values.

The modelling results of site occupations indicate that the strong
sorption sites with a low site density of 0.00068 sites/nm? dominate
the Se(IV) sorption in the low concentration area (< 1078 M).
However, with the increase of Se(IV) concentration, the contribution of
the weak sorption sites becomes more important due to the low site
density of the strong sorption sites. The mechanisms of the strong
sorption sites are still under discussion. Diahn et al. (2011) illustrates
that strong sorption happens onto the mineral surface as a mixture of
surface complexes bound to the edge sites of the cis-vacant (cv) and
trans-vacant (tv) of Al octahedrons. However, more evidence is needed
to understand the true nature of the so-called “strong” sorption site in
the case of Se(IV) sorption on biotite.
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Fig. 6. Sorption of Se032~ (a and b), HSe03 ™ (c and d) and H,SeO5 (e and f) onto the phlogopite (110) surface.
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Fig. 7. Se(IV) sorption isotherm data (@) on converted biotite in 0.01 M KClO4
solution covering Se(IV) concentration from 10~ 1M to 103 M. The modelling

results (M) were based on the sorption of Se(IV) species on the strong sorption
sites (=SOH) and two types of weak sorption sites (=S"'OH and =S“?0OH).

Table 10

Expected surface complexation reactions between Se(IV) species and weak
sorption sites on converted biotite surface at pH around 7.7. The selectivity
coefficients were optimized from the modelling of sorption isotherms.

Surface complexation reaction log K
HSeO3;~ + =S"'OH < = S“1OH,Se03~ 2.78
H* + HSeO;~ + =S"!OH < = S“!OH,HSeO3 3.78
HSeOs~ + =S"20H < = S“20H,Se0;3" 2.48
H* + HSeO;~ + =S“?0H < = S"“?0OH,HSeO; 2.62

3.4. Model validations

To validate the surface complexation model, especially to test the
feasibility of the model at pH 9.5 which is the pH of the Grimsel
groundwater (Hoehn et al., 1998; Muuri et al., 2018; Tachi et al., 2015),
another batch sorption experiment was done with the same experi-
mental conditions except for pH. In the validation experiments, the pH
was adjusted to 9.5 by adding NaOH standard solution into the sample
vials. The pH was checked and adjusted during the whole experimental
period.

The modelling of the experimental results was done by optimizing
the pH parameter while keeping the other parameters the same as the
sorption isotherm modelling we presented in the last parts. The best fit
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Fig. 8. Se(IV) sorption isotherm data (@) on converted biotite in 0.01 M KC104
solution covering Se(IV) concentration from 10~'° M to 102 M at pH ~9.5.
The modelling results () were based on the sorption of Se(IV) species on the
strong sorption sites (=SSOH) and two types of weak sorption sites (=S“'OH
and =S"20H) at pH 9.34.

was achieved at pH 9.34 which is in fare agreement with the experi-
mental conditions. The experimental and modelling results are shown
in Fig. 8.

The model predicted the K4 values well at both high and low con-
centration regions. At the concentration of 10”7 M, the sorption of Se
(IV) on biotite is believed to be dominated by both strong and weak
sorption sites. Our model showed a higher Ky value than the real ex-
perimental result. Except for the point at 10~7 M, the modelled results
are all within the experimental errors. This means that the multi-site
surface complexation model we developed here could be used to de-
scribe the Se(IV) sorption on biotite over a large pH ranges at least from
pH 7.5 to 9.5 which covers most of the pHs of groundwaters in the
bedrocks of a nuclear waste repository.

A sorption model developed with biotite is of significant importance
because biotite can be representative of the whole Se(IV) sorption in
complex mineral assemblages such as granite which is considered as the
bedrocks of nuclear waste repositories (Li et al., 2018; Muuri et al.,
2017; Yang et al., 2018). Such sorption model which provides quanti-
tative predictions are necessary for developing thermodynamic sorption
databases which is a major long-term goal in improving the scientific
basis for nuclear water disposal. Furthermore, the model can be ported
into reactive transport codes and the sorption on minerals like biotite
can be calculated simultaneously with the transport, taking into ac-
count the effects of spatial and temporal changes in geochemical con-
ditions along the migration path. Thus, the transport calculations are
truer to nature and the performance assessment of the nuclear waste
repository can give more convincing results to estimate the release of
radionuclides towards aquifers and biosphere.

4. Conclusions

A batch forward titration method combined with backtitration was
used to measure the mineral surface site capacities and intrinsic surface
protonation and deprotonation constants for the amphoteric =SOH
surface sites of converted biotite in 0.01 M KClO, solution and pH range
from 3 to 11. In order to minimize the effect of impurities on the surface
sites, the biotite was purified with ion exchange methods until the
concentrations of Mg2*, Ca®* and AI*" ions in the rinsing solutions
were under the detection limit and the concentration of Na®™ was
0.06 ppm. By doing this, the biotite sample was converted into a
mono-potassium form that contains only K on the exchange sites.
During the backtitration, the supernatants from forward titration sam-
ples were back titrated to a common end point. By applying
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backtitration, the effect of the mineral dissolution was taken into ac-
count, especially in extreme pH areas where the mineral dissolution is
very obvious. The effects of proton exchange and cation exchange on
the titration results were also taken into account. The calculations of
the amount of sorption sites occupied by cations on the biotite surface
show that dissolved AI®* is the most abundant cation that is sorbed on
the biotite surfaces. As a result, AI*>* and H* occupancies were used as
further corrections of the titration curve.

Sorption edge measurements were carried out by measuring the
sorption of 10™° M total Se with a radioactive Se-75 tracer on con-
verted biotite in 0.01 M KClO4 solution from pH 3 to 11. Se(IV) sorption
showed a strong dependency of pH conditions of background solutions.
The K4 values of Se sorption on biotite were found to decrease when pH
increases from 3 to 11.

Sorption isotherm measurements were carried out at around pH 7.7
from Se(IV) concentrations from 107 ° M to 10~ M. Two platforms
were observed in the low and high concentration regions. A clear
change of K4 happened at concentration around 107 M.

A multi-site surface complexation model was derived by fitting a set
of modelling parameters for all the experimental data (titration, sorp-
tion edge and sorption isotherm). It is believed that this set of modelled
parameters can reasonably reflect the real properties of the sorption
processes. A type of strong sorption site and two types of weak sorption
sites were assumed. A CASTEP code implemented into Materials Studio
Software was used to calculate the site densities and site types on the
biotite surfaces. The results showed two types of weak sorption sites on
the biotite surfaces with the site densities of 3.2 sites/nm? and 1.4 sites/
nm>. A computer code PHREEQG coupled with Python was used for all
of the fitting and optimization processes. The fitting procedure was
performed in an iterative way until a group of parameters that is able to
describe all the experimental results satisfyingly was found.

The model was validated by the Se(IV) sorption data at pH ~9.5 and
it describes well the K4 values at both high and low concentration re-
gions. This proves that the modelling methods shown in this paper can
be used to successfully derive a surface complexation model for sorp-
tion of the radionuclides on crystalline rock in deep geological re-
positories. In the future, the model could be used to validate the Se(IV)
sorption in wide range of groundwater conditions.
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