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a b s t r a c t

Selenium has been identified as an element of interest for the safety assessment of a deep geological
repository (DGR) for used nuclear fuel. In Canada, groundwaters at DGR depths in sedimentary rocks
have been observed to have a high ionic strength. This paper examines the sorption behavior of Se(-II)
onto illite, MX-80 bentonite, Queenston shale, and argillaceous limestone in NaeCaeCl solutions of
varying ionic strength (0.1e6 mol/kgw (m)) and across a pH range of 4e9. Little ionic strength depen-
dence for Se(-II) sorption onto all solids was observed except that sorption at high ionic strength (6 m)
was generally slightly lower than sorption at low ionic strength (0.1 m). Illite and MX-80 exhibited the
expected results for anion sorption, while shale and limestone exhibited more constant sorption across
the pH range tested. A non-electrostatic surface complexation model successfully predicted sorption of
Se(-II) onto illite and MX-80 using the formation of an inner-sphere surface complex and an outer-sphere
surface complex. Optimized values for the formation reactions of these surface species were proposed.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Deep geological repositories (DGRs) have become an interna-
tionally accepted method for the long-term management of used
nuclear fuel, with many countries adopting this approach in their
nuclear waste management programs; Finland has already begun
construction of their DGR facility. In Canada, the Nuclear Waste
Management Organization (NWMO) is responsible for the long-term
management of used nuclear fuel and the process to select a site for a
DGR is currently underway. Potential host rock formations include
sedimentary rock that consists of argillaceous limestone and shale.
The engineered barrier systemwill use MX-80 bentonite as a backfill
material, as well as in the form of highly compacted clay blocks for
encasement of the used fuel containers [1]. As the DGR is being
designed to contain and isolate the used nuclear fuel for longer than
one million years, comprehensive safety analyses need to be carried
Waste Management.
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out before an operating license can be granted for any site. Sorption
of radionuclides onto the backfill materials surrounding the used fuel
containers andminerals contained in the surrounding host rocks is a
potential retardation mechanism for radionuclide transport if a used
fuel container were to fail. The typical groundwater chemistry at
repository depths in the sedimentary rocks in Ontario is NaeCaeCl
type highly saline water under reducing conditions. The ground-
water within these sedimentary rocks at repository depths was
observed to have a high ionic strength (IS) of 6e7 mol/kgw (m) [2],
which could affect radionuclide sorption [3].

Selenium has been identified as an element of interest by the
NWMO due to the long half-life of Se-79 (2.95 � 105 years) and its
presence in the used nuclear fuel [4,5]. At repository depths, reducing
conditions are expected and Se(-II) will likely be the dominant
oxidation state instead of þIV or þVI. There is currently little pub-
lished data for the sorption of Se(-II) for relevant Canadian DGR
conditions. The available published sorption coefficient (Rd) data for
Se that is relevant to a Canadian DGR is compiled in Ref. [3]. Iida et al.
[6] measured the sorption of Se(-II) onto a variety of minerals, the
relevant ones beingmontmorillonite and chlorite in 0.05mand 0.5m
NaCl solutionsusingapHrangeof8.6e12.4.Se(-II) sorptionwas found
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to be similar for both IS tested, being only slightly lower for higher IS,
andwas found to generally decreasewith increasing pH. Rd values for
montmorillonite ranged from 0.0079 to 0.29 m3/kg and those for
chlorite ranged from 0.013 to 0.12m3/kg. A sorption equilibrium time
of 14 dayswas used. Ticknor et al. [7]measured the sorption of Se(-II)
onto chlorite in a CaeNaeCl solution with an IS of 1.5 m and a pH of
10.5. TheRdvaluewas found tobe0.0072m3/kg. Bertetti [8]measured
the sorption of Se(-II) onto MX-80, shale, and limestone in a
NaeCaeCl type dilute solution with an IS of 0.01 m, as well as in the
SR-270-PW reference brine groundwater (IS of 6 m, NaeCaeCl type),
for a pH range of approximately 7.8e9.4. Sorption onto each solidwas
found tobeverysimilar,withaKdvalueof approximately0.1m3/kg. To
better simulate the environmental conditions present in a Canadian
DGR, this paper examines the sorption of Se(-II) onto illite (themajor
clay constituent of Queenston shale), MX-80 Na-bentonite, Queen-
ston shale, and limestone inNaeCaeCl solutionswith IS ranging from
0.1 to 6 m and pHm (molal Hþ concentration) ranging from 4 to 9
under reducing conditions.

To better understand the sorption mechanisms occurring in
experiments, sorption modelling can be conducted and correlated
to the experimental data. This allows for the determination of
equilibrium reaction constants (log K) for proposed sorption re-
actions, which in turn can then be used to predict sorption in
varying water conditions over time. This is important in the post-
closure safety assessment as groundwater conditions (such as pH,
IS) may change over the extremely long lifetime of the DGR.
PHREEQC [9] is a common geochemical code used for sorption
modelling. The 2-site protolysis non-electrostatic (single layer)
surface complexation (2SPNE SC) model is commonly used for
modelling sorption and has successfully simulated sorption for a
variety of elements (such as Fe(II), Eu(III), Th(IV), Np(IV), Np(V))
onto illite and montmorillonite [10e16]. Due to this broad range of
applicability, the 2SPNE SC model is used in this paper to model
experimentally derived Rd values for Se(-II) onto illite and MX-80
and to estimate the optimized equilibrium constants of sorption
reactions. The specific-ion interaction theory (SIT) method was
used to calculate the activity coefficients for the various aqueous
species as it is more accurate than other methods at high IS. The
Pitzer method can be used at even higher IS than SIT; however,
Pitzer parameters for the Se(-II)-Na-Ca-Cl system are not complete
at present, so SIT was used.

2. Experimental

2.1. Materials

Four solidswere used in the sorption experiments: IMt-2 Na-illite
(Clay Mineral Society, from Silver Hill, USA), Volclay MX-80 Na-
bentonite (American Colloid Company (ACC), from Wyoming, USA),
Ordovician-age Queenston shale (provided by the NWMO, from
Ontario,Canada),andargillaceouslimestone(providedbytheNWMO,
from Ontario, Canada). The illite, shale, and limestone samples were
crushed and sieved to a particle size of 150e300 mm.According to the
ACC, the MX-80 particle sizes range from 74 to 420 mm [17] and was
used as received. All solid sampleswere free of intrinsic Se.

All chemicals used were American Chemistry Society reagent
grade andwere purchased from Fisher Scientific. The hydrazine used
to set reducing conditions was in the form of hydrazine mono-
hydrate (64% N2H4). The Se standard solution was obtained from
Agilent Technologies in the form of 1000 ± 1 mg/mL Se(IV) in 5%
HNO3 with a natural isotopic abundance. Concentration measure-
ments were conducted with a Triple Quad 8800 ICP-MS from Agilent
Technologies. The masses of salts and sorption solids weremeasured
with a Sartorius Quintix213-1S balance. Solutions were centrifuged
using an Allegra X-30R centrifuge from Beckman Coulter. A VWR
1617
89231-590 dual junction Ag/AgCl electrode was used to measure pH
values and an Accumet AB150 pH/Eh meter was used.

Due to the high IS of solutions, special consideration had to be
taken when measuring pH [18]. At high IS, the pH indicated by the
probe (pHobs) becomes inaccurate and a relationship between
pHobs and the actual pH needs to be determined. Altmaier et al.
[19,20] previously discussed the relationship between pHobs and
either pHc (molar Hþ concentration) or pHm (molal Hþ concentra-
tion). In this work, a Metrohm 916 Ti-Touch titrator was used to
perform titration in the saline solutions and determine the rela-
tionship between pHobs and pHm.

2.2. Preparation of NaeCaeCl solutions

NaeCaeCl saline solutions were prepared by adding NaCl and
CaCl2$2H2O salts to deionized water to achieve the desired IS of
0.1e6 m (see Table A1 in the Supplemental Information for masses
of salts used). A Na/Ca molar ratio of 2.7 was used as defined in the
SR-270-PW reference porewater [3]. The Se standard solution was
then added to these solutions to achieve an initial Se concentration
of 1�10�6 m, which was confirmed to be lower than the solubility
limit according to our own measurements (Figure A1 in the Sup-
plemental Information) and those of Iida et al. [21]. After Se was
spiked, hydrazine (N2H4) was added to the solutions in a ratio of
25 mL N2H4/10 mL of solution to set the reducing conditions. Hy-
drazine was previously used by Iida et al. [6], in a similar manner, to
effectively reduce Se. The reduction of Se to Se(-II) was confirmed
with UV-VIS spectroscopy.

2.3. Sorption procedures

Batch sorption experiments were performed in triplicate at
25 �C in a N2 atmosphere glovebox (O2 concentration <2 ppm)
using 15 mL polypropylene centrifuge tubes. Solutions were
allowed to stabilize for 10 days before being used in sorption ex-
periments. The overall experimental procedures were the same as
those used for Np(IV) [14] and Np(V) [22], so only the basic pro-
cedures, along with any differences from the previous ones, are
described in this paper.

A liquid/solid ratio of 10 mL of saline solution to 20 ± 0.5 mg of
solid was used for all sorption experiments. After the sorption re-
action period, aliquots of the sample solutions were placed in
Nalgene centrifuge tubes and centrifuged for 30 min at 18,000 rpm
(27579 rcf). This method was previously confirmed to sufficiently
separate the liquid and solid phases [14]. The supernatants were
then diluted by a factor of 20 and analyzed by ICP-MS to determine
the remaining concentration of Se in solution. The Agilent Triple
Quad 8800 ICP-MS is designed to be able to measure elements in
solutions with up to sea water level IS (~0.7 m) [23], so a dilution
factor of 20 was sufficient for all solutions.

To quantify sorption, the sorption distribution coefficient (Rd)
(m3/kg) is used, as defined in Eq. (1).

Rd ¼
Ci � Ceq

Ceq
� L
S

(1)

Ci is the initial concentration of Se in solution (1�10�6 m), Ceq is
the equilibrium (final) concentration of Se after the sorption reac-
tion period (m), L is the volume of saline solution used in the
sample (m3), and S is the mass of solid used (kg).

2.3.1. Sorption kinetics
To determine an appropriate sorption equilibrium time for each

solid, sorption kinetics tests were conducted at the lower and upper
ends of the IS range using solutions with IS of 0.1 m and 6 m. The
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concentration of Se was measured after 1, 2, 4, 8, 10, 15, 21, and 30
days of sorption reaction time for illite, MX-80, and shale and the
amount of sorption was determined. Limestone kinetics tests were
conducted using sorption reaction times of 1, 2, 4, 8,14, and 17 days.
For all solids, the solutions had pHm values of 9e10.

2.3.2. Ionic strength dependence
The IS dependence of Se sorption onto illite, MX-80, and shale

was investigated using IS of 0.1 m, 0.5 m,1m, 2m, 3m, 4m, and 6m.
Prior to the sorption period, the solid samples (20 mg each) were
preconditioned for at least 5 days with 5 mL of saline solution. These
saline solutionswere identical to those used in the sorption tests, but
did not contain any Se. After the preconditioning period, the samples
were centrifuged for 6 min at 5860 rpm (3000 rcf) and the solutions
were then removed from the solids. The maximum rcf rating for the
test tubes limited the centrifuge speed that could be used. The saline
solutions with Se were then added to the preconditioned solid
samples and the same experimental procedures as in the kinetics
tests were followed. All solutions had pHm values of 9e10. Sorption
times were determined by the sorption kinetics tests as discussed in
Section 4.1. A sorption time of 14 days was used for illite, MX-80, and
limestone, while a sorption time of 20 days was used for shale.

2.3.3. pHm dependence
The pH dependence of Se sorption onto illite, MX-80, shale, and

limestonewas investigatedusing ISof0.1m,1m,3m, and6mforpHm

values of 4, 5, 6, 8, and9. These solutionsweremadewith the addition
of 1.2 mol/L (M) HCl solution at a rate of 1 mL/100 mL of solution to
offset the initial basic pHof the solution due to the buffering effects of
hydrazine. This allowed the amount of HCl solution that later needed
to be added to set the initial pH to be minimized. After the stabiliza-
tion period of 10 days, HCl solutionwas added to achieve initial pHm
values of 4, 5, 6, 8, and 9. These solutionswere then added to the solid
samples to start the sorption tests. During the sorption reaction time,
pHm of each samplewasmeasured daily and adjusted towithin 0.2 of
the target pHm value using 0.1 M HCl and 0.1 M NaOH. The same
experimental procedures as in the ISdependence testswere followed
except that the limestonesampleswerenotpreconditioneddue to the
possibility of dissolution.

3. Model

A 2SPNE SC model incorporated in PHREEQC was used to model
the pH dependence of Se(-II) sorption onto illite andMX-80 based on
the model we previously used for sorption of Pd [24]. This model is
based off the one developed by Bradbury& Baeyens [10e12] for illite
and montmorillonite. The MX-80 used in this work is approximately
80% montmorillonite [3]. Therefore, model parameters for MX-80
were taken to be those of montmorillonite where values specific to
MX-80 could not be obtained. Due to the high IS, the SIT methodwas
used to calculate the activity coefficients for the various aqueous
species. SIT has previously been shown to be accurate for solutions
with an IS up to 4m [25], and therefore, sorptionmodelling was only
conducted for an IS up to 3 m in this work. Since Pitzer parameters
for the Se(-II)-Na-Ca-Cl system do not currently exist, modelling at
Table 1
Protolysis reaction constants for illite [11,12] and MX-80 [10].

Protolysis Reaction Illite

LogS K LogW1 K

≡SOHþ Hþ4 ≡SOHþ
2 4.0 4.0

≡SOH4 ≡SO� þ Hþ �6.2 �6.2

1618
higher ISwas not attempted. The solutions used in themodel had the
same IS and NaeCaeCl and Se concentrations as those used in the
experiments. An example of the PHREEQC input file used for the
sorption modelling can be seen in the Supplemental Information.

3.1. Thermodynamic data

The Japan Atomic Energy Agency (JAEA) thermodynamic data-
base (TDB) [26] was used for the sorption modelling as it contains
SIT parameters for a large number of aqueous species including Se.
However, the JAEA TDB does not contain epsilon values for HSe�, so
a value obtained from Iida et al. [21] was added to the database. The
formation reaction for HSe� is shown in Eq. (2), along with its re-
action constant.

9Hþ þ 8e� � 4H2Oþ SeO�2
4 4HSe�

Log K ¼ 81:570± 0:435
(2)

3.2. Surface properties

Surface hydroxyl groups (≡SOH), which are neutral, can undergo
a protonation reaction to become positively charged or undergo a
deprotonation reaction to become negatively charged. The reaction
constants for these reactions are known as protolysis reaction
constants and are intrinsic to the solid. Values for these constants,
for both strong (LogSK) and weak (LogWK) surface sites were ob-
tained from Bradbury & Baeyens [10e12] and are shown in Table 1.
The surface site speciation can be seen in the Supplemental Infor-
mation in Figure A3 for illite and Figure A4 for MX-80.

Other surface parameters required by the model were the total
number of surface sites (mol), the specific surface area (SSA) (m2/g),
and the total mass of solid (g). The total number of surface sites can
be calculated by taking the product between mass of solid and
surface site capacity (density). Surface site capacities for strong
sites (≡SSOH) and weak sites (≡SWOH), for both illite and MX-80,
were obtained from Bradbury & Baeyens [10,12]. However, the
surface site capacity values for illiteweremodified by a factor of 70/
97 since the illite used by Bradbury & Baeyens was from the Le
Puyen-Velay (Haute-Loire) region of France, having a SSA of 97m2/g
[11,12], while the illite used in this work was from Silver Hill,
Montana, USA, having a SSA of 70 m2/g [27]. The SSA for MX-80 of
26.2 m2/g was obtained from Bertetti [8]. The surface site capacity
values used for illite and MX-80 are summarized in Table 2 and the
SSA values are summarized in Table 3.

3.3. Sorption

Se(-II) exists in the experimental solutions as HSe� (see
Figure A2 in the Supplemental Information), which limits the
possible surface complexation reactions that can occur. Iida et al.
[28] proposed two possible surface complexation reactions, an
inner-sphere ligand exchange reaction and an outer-sphere
complexation with protonated sites, for Se(-II) sorption onto
goethite. These reactions were adapted for Se(-II) sorption onto
MX-80

LogW2 K LogS K LogW1 K LogW2 K

8.5 4.5 4.5 6.0

�10.5 �7.9 �7.9 �10.5



Table 2
Surface site capacities for illite [12] and MX-80 [10].

Site Type Site Capacity (mol/kg)

Illite MX-80

≡SSOH 1.44 � 10�3 2.0 � 10�3

≡SW1OH 2.89 � 10�2 4.0 � 10�2

≡SW2OH 2.89 � 10�2 4.0 � 10�2

Table 3
Specific surface areas for illite [27] and MX-80 [8].

Solid SSA (m2/g)

Illite 70
MX-80 26.2

Table 4
Surface complexation reactions and optimized surface complexation constants.

Surface Complexation Reaction LogS KI LogS KM

Inner-Sphere:
≡SOHþ HSe�4 ≡SSe� þ H2O

7.3 6.6

Outer-Sphere:
≡SOHþ HSe� þ Hþ4 ≡SOHþ

2 HSe�
11.8 11.6

Fig. 2. Sorption kinetics for Se(-II) onto MX-80 in NaeCaeCl solutions with ionic
strengths of 0.1 m and 6 m.

Fig. 3. Sorption kinetics for Se(-II) onto shale in NaeCaeCl solutions with ionic
strengths of 0.1 m and 6 m.
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illite and MX-80 in this work and are shown in Table 4. The non-
electrostatic model used in this work does not differentiate be-
tween inner-sphere and outer-sphere reactions, but it is still useful
to illustrate that these reactions physically correspond to inner-
sphere and outer-sphere complexation. Strong sites are expected
to be dominant in the sorption process given the trace concentra-
tion of Se used in the experiments [3]. Therefore, only reactions
with strong sites were used in the model. The model was fit opti-
cally to the experimental data by optimizing the surface complex-
ation constants (SCCs) for these two reactions.

4. Results & discussion

4.1. Sorption kinetics

The results of the sorption kinetics tests are shown in Figs. 1e4
for illite, MX-80, shale, and limestone, respectively. Within
approximately 10 days, illite, MX-80, and limestone had reached
sorption equilibrium since the Rd value had become essentially
constant for both IS solutions. Therefore, a sorption equilibrium
time of 14 days was chosen for illite, MX-80, and limestone for all
subsequent sorption experiments. For shale, the Rd value was
essentially constant for 6 m solution after 10 days, but it took 15
Fig. 1. Sorption kinetics for Se(-II) onto illite in NaeCaeCl solutions with ionic
strengths of 0.1 m and 6 m.

1619
days to reach equilibrium for 0.1 m solution. Therefore, a sorption
equilibrium time of 20 days was chosen for shale for all subsequent
sorption experiments. For consistency, 20 days was used for all IS
solutions for shale even though a shorter time may have been
sufficient for higher IS solutions.
4.2. Ionic strength dependence

The results of the IS dependence tests for illite, MX-80, and shale
are shown in Fig. 5. There is some scatter present in the data, but
overall there was found to be little IS dependence for Se(-II) sorp-
tion onto illite and MX-80 as the Rd values were fairly constant
across the IS range of 0.1e6 m. There was only a slight decrease in
sorption for MX-80 at an IS of 6 m compared to lower IS solutions.
For shale, some IS dependencewas exhibited as the Rd values at low
IS (0.1 m and 0.5 m) were higher than those at higher IS of 1e6 m.
However, the Rd values were fairly constant from 1 to 6 m, with a
slight decrease for 6 m.

An interesting observation made from Fig. 5 is that the Rd values
for Se(-II) for shale are generally higher than those for illite. This
was not expected as illite is the major constituent of shale at 36 wt%
[3] and means that illite is not the dominant sorbing mineral in
shale. This will be discussed further in the next section.
4.3. pHm dependence

The results of thepHmdependence tests are shown inFigs. 6e9 for
illite,MX-80, shale, and limestone, respectively. There are clear trends
that can be seen for each solid; the Rd values for illite andMX-80 both
decreasewith increasingpHm,while those for shale and limestoneare



Fig. 4. Sorption kinetics for Se(-II) onto limestone in NaeCaeCl solutions with ionic
strengths of 0.1 m and 6 m.

Fig. 5. Ionic strength dependence of Se(-II) Rd values for illite, MX-80, and shale in
NaeCaeCl solutions of varying ionic strength.

Fig. 6. pHm dependence of Se(-II) Rd values for illite at varying ionic strengths. The
results of the non-electrostatic SC model are also shown (lines).

Fig. 7. pHm dependence of Se(-II) Rd values for MX-80 at varying ionic strengths. The
results of the non-electrostatic SC model are also shown (lines).

Fig. 8. pHm dependence of Se(-II) Rd values for shale at varying ionic strengths.

Fig. 9. pHm dependence of Se(-II) Rd values for limestone at varying ionic strengths.
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relatively constant across the pHm range tested. The decrease in
sorption for illite andMX-80appears tobegin in theneutralpHregion.
Looking specificallyat illite,Rdvalues fordifferent ISatpHmvaluesof4
and 6 are relatively similar. However, at pHm values of 8 and 9, the Rd
values decrease with increasing IS, with sorption at 6 m being very
low. Looking atMX-80, Rd values at a pHm of 4were higher for higher
IS solution, at a pHmof6Rdvalueswerevery similar forall IS solutions,
andatpHmvaluesof8and9Rdvalueswere similar forall ISbut slightly
decreasedwith increasing IS overall. For both shale and limestone, Rd
valueswere similaracross thepHmrange tested,with theRdvalues for
6 m generally being the lowest.

The decrease in sorption onto illite and MX-80 as pHm increased
was the expected sorption behaviour for anions [28,29]. As pHm
increases, the surface of the solid undergoes deprotonation, with a
change from predominantly positively charged surface sites until
the sites are predominantly neutral around the neutral pHm region.
As pHm increases further, the surface sites change from being
predominantly neutral to predominately negatively charged. In this
case, the ligand exchange reaction of HSe� with OH� is less effec-
tive at high pH and the formation of the outer sphere complex with
protonated sites is also diminished at high pH. However, shale and
limestone did not exhibit this trend. As mentioned in the previous
section, the Rd values for Se(-II) sorption onto shale were higher
than those for illite and only weakly dependent on pHm. This sug-
gests that illite is not the dominant sorbing mineral for shale and
that Se(-II) may sorb onto shale through other minerals or another
mechanism entirely.

Other large constituents of Queenston shale include quartz
(30 wt%) and chlorite (24 wt%) [3]. However, Iida et al. [6] observed
Rd values for these minerals that were orders of magnitude lower
thanwhat we observed for shale. Therefore, sorption of Se(-II) onto
quartz and chlorite likely does not significantly contribute to
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sorption of Se(-II) onto shale. One possibility is that sorption occurs
on Fe accessory minerals. Previous SEM-EDS analysis of Queenston
shale showed that it contained approximately 6e8 wt% Fe [8] and
XRD analysis showed pyrite to be an accessory mineral [30]. The Rd
values obtained by Iida et al. [6] for sorption of Se(-II) onto pyrite
were very similar to those we obtained for shale and showed that
the sorption edge occurred around a pH value of 12. Therefore, it is
possible that pyrite acts as the dominant sorbing mineral in shale
for sorption of Se(-II). Minor mineral constituents have previously
been shown to be the dominant sorber in other rocks. For instance,
Iida et al. [31] found that sorption of Th onto a granite was domi-
nated by biotite, while biotite was only 5 wt% of the granite.
However, sorption onto pure biotite was higher than that for
granite, which is reasonable since there was only a small amount of
biotite in the granite. Since the Rd values we obtained for sorption of
Se(-II) onto shale were similar to those obtained by Iida et al. [6]
and not significantly smaller, we cannot say for certain that sorp-
tion of Se(-II) onto shale occurs through sorption onto pyrite.

Another possibility is that Se(-II) sorbs onto Queenston shale
through interactions with sulphur. Due to similar ionic radii, Se is
known to readily substitute for S in the structures of S containing
minerals [32]. Furthermore, previous SEM-EDS analysis of Queen-
ston shale showed that it contained 0.71± 1.01wt% of S [8]. Even this
minor amount of S could lead to significant Se substitution as the
initial Se concentrationwas only 1� 10�6 m. Incorporation of Se into
shale could also explain the minor IS dependence of sorption onto
shale. When hydrated, the shale swells, but this swelling is sup-
pressed as IS increases, making it slightly more difficult for the Se to
enter the mineral structure of the shale. However, while this is a
possibility, we cannot confirm at present that this is the actual
sorption mechanism for Se(-II) onto shale and further experiments
would need to be conducted, possibly with eachmineral component
of Queenston shale, to ascertain the actual sorption mechanisms
occurring. The Rd values observed for Se(-II) sorption onto limestone
were similar to those for shale. The limestone has been observed to
contain 0.34 ± 0.18 wt% S and 1.54 ± 0.19 wt% Fe [8], so similar
discussions to those for shale could be carried out to explain possible
sorption mechanisms for Se(-II) onto argillaceous limestone. How-
ever, since nomineral components of limestonewere investigated in
this work, further sorption experiments withmineral components of
argillaceous limestone need to be conducted before ascertaining the
sorption mechanism for Se(-II) onto argillaceous limestone.

Fig. 7 also contains a data point for montmorillonite (the major
constituent of MX-80 at 82 wt% [3]) obtained from Iida et al. [6]
measured in 0.5 m NaCl solution at a pH of 8.6. Since montmoril-
lonitemakes up such a large portion of theMX-80, it can be assumed
that sorption onto MX-80 will be similar to that for montmorillonite.
The Rd values for MX-80 at an IS of 1 m and pH of 9 in this work are
slightly higher than those reported by Iida et al. [6] at an IS of 0.5 m.
Nonetheless, the results in this study are supported by the fact that
they are similar to those reported by Iida et al. [6].

Along with the experimental data, Figs. 6 and 7 also contain the
results of the sorption modelling for illite and MX-80, respectively.
The optimized values of the SCCs used in the model are shownwith
their respective reactions in Table 4. The first reaction represents
the formation of an inner-sphere complex, while the second reac-
tion represents the formation of an outer-sphere complex. Weak
sites were found to have a negligible impact on sorption, and
therefore, only strong sites were used in the sorption model.
Overall, the model was able to predict sorption of Se(-II) onto illite
and MX-80 fairly well across the pHm range of 4e9. The illite
sorptionmodel fit the experimental data quitewell for IS of 1m and
3 m across the whole pHm range. However, the model over-
predicted sorption at a pHm of 4 and under-predicted sorption at
a pHm of 9 for an IS of 0.1 m since the experimental data for an IS of
1621
0.1 m had less change in sorption with change in pHm than that for
1 m and 3 m. The model showed essentially no IS dependence for
Se(-II) sorption onto illite as the three curves were essentially on
top of each other; the curves only very slightly shifted down as IS
increased. The MX-80 sorption model fit the experimental data
fairly well across the whole pHm range for an IS of 1 m and at pHm
values of 6, 8, and 9 for IS of 0.1 m and 3 m. However, at a pHm of 4,
the model over-predicted sorption for an IS of 0.1 m and under-
predicted sorption for an IS of 3 m. Again, the model showed
essentially no IS dependence for Se(-II) sorption onto MX-80 as the
three curves were essentially on top of each other, only slightly
shifting down as IS increased.

Forall experiments, itwasconfirmed thatnore-oxidationof Se(-II)
occurred in the solutions under experimental conditions. In our pre-
vious studies [14,22], neither the reductionofNp(V) toNp(IV), nor the
oxidationofNp(IV)toNp(V)wasobservedonillite,MX-80,andshale. It
is also unlikely that limestone contains any oxidants [30]. Therefore,
the possibility of oxidation of Se(-II) by the solids is negligibly small.
5. Conclusions

A systematic study was carried out for the sorption behavior of
Se(-II) onto illite, MX-80, shale, and limestone in highly saline
NaeCaeCl solutions. It was found that 14 days was sufficient for
illite, MX-80, and limestone to reach sorption equilibrium, while 20
days was needed for shale. Little ionic strength dependence for Se(-
II) sorption was observed for all solids except that sorption at 6 m
tended to be slightly lower than sorption at lower ionic strength. In
the pHm dependence experiments, illite and MX-80 exhibited the
expected result for sorption of an anion with high sorption at low
pHm values and low sorption at high pHm values, while shale and
limestone exhibited more constant sorption across the pHm range
tested. This indicates that illite is not the dominant sorbing mineral
in shale for Se(-II). The non-electrostatic (single layer) SC model
was able to successfully predict sorption of Se(-II) onto illite and
MX-80 using the formation of the ≡SSe� and ≡SOHþ

2 HSe� surface
species and showed essentially no ionic strength dependence. The
optimized values of the SCCs (Log K) for the associated formation
reaction of these surface species for illite were 7.3 and 11.8,
respectively and for MX-80 were 6.6 and 11.6, respectively.
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