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ARTICLE INFO ABSTRACT

Keywords: The trace metal sorption onto the phyllosilicate mineral biotite, commonly found in granitic rock, has been
Radionuclide sorption studied with batch sorption experiments that were carried out for up to two months. The aim was to investigate
Biotite

the uptake mechanism of the radioisotopes 134Cs, 133Ba, %0Co, and '5%Fu at trace concentrations (108 M) onto
crushed biotite at a particle size 0.25-0.5 mm. under inert gas conditions ([O2] < 1 ppm) and to provide data for
a Surface Complexation Model. The experiments were conducted in triplicates with the pH adjusted to 5, 6, 7, 8,
or 9 with pH-buffered solutions containing either 0.001, 0.01, or 0.1 M NaClO4 at two temperatures: 40 and 60
°C. The results show that the sorption of Cs, Ba, Co and Eu onto biotite are strongly pH-dependent where each
element shows a characteristic uptake behavior. The sorption of Cs and Ba appear to be particularly sensitive to
increased ionic strength which decreases their sorption while Eu is less affected. In contrast, Co sorption seems to
be largely non-affected by change of ionic strength. A temperature increase, on the other hand, has a positive
effect on sorption for almost all elements. To estimate the surface acidity constants (pK,) of biotite at 40 and 60
°C, titration experiments were performed with biotite suspended in solution over a pH range of approximately
3-11. Modeling of the titration data resulted in pK, 1 = —5.0 + 0.2 at 40 °C and —5.3 + 0.2 at 60 °C. Similarly,
PKao = —7.0 + 0.3 at 40 °C and-6.9 + 0.2 at 60 °C. The sorption data (Rq values) of all metals was successfully
modelled with a combination of one amphoteric (2-pK,) surface complexation site and one ion-exchange site. A
non-electrostatic SCM, without any compensation for surface electrostatic effects from electrolyte solution, were
used with the reaction constants and coefficients as fitting parameters. From these, the thermodynamic pa-
rameters AH and AS for the sorption reactions were calculated. The results show that surface- complexation
reactions are primarily entropy-driven, while ion-exchange reactions are enthalpy-driven.

Surface complexation
Ion-exchange
Sorption model
Enthalpy

Entropy

and Olsson, 2016). In safety-case scenarios where the engineered bar-
riers have failed, the bedrock itself constitutes the final barrier to

1. Introduction

In Sweden, nuclear energy has been part of the energy mix for the
past 50 years. One of the key challenges associated with nuclear power is
the management of high-level radioactive waste (HLW), particularly
spent nuclear fuel, due to its significant radiotoxicity. To address this
issue, Sweden has adopted a solution involving the direct disposal of
spent nuclear fuel in a deep geological repository encased in granite rock
(SKB, 2010a) (Hedin and Olsson, 2016). The Swedish Nuclear Fuel and
Waste Management Company (SKB), responsible for constructing the
repository, has proposed the KBS-3 method. This method employs a
multi-barrier storage system, placing copper canisters containing spent
nuclear fuel 400-500 m below the surface within granitic rock forma-
tions. This approach is designed to securely isolate harmful radionu-
clides for up to 100,000 years (SKBF/KBS, 1983) (SKB, 2010a) (Hedin

* Corresponding author.
E-mail address: pawank@chalmers.se (P. Kumar).

https://doi.org/10.1016/j.jconhyd.2025.104593

radionuclide migration with groundwater to the biosphere (SKB, 2011).
The primary mechanisms that retard radionuclide migration through
bedrock fractures are diffusion into the porosity of the rock matrix and
sorption onto available mineral surfaces (Neretnieks, 1980), (Grisak and
Pickens, 1980), (Ewing, 2015). The sorption behavior of some selected
radionuclide elements is the main topic for this study, but this work also
has a more general application in the geochemistry field, since the aim is
to identify and to introduce a mineral surface chemistry model for the
observed sorption behavior.

Radionuclides, such as '*’Cs, 2?°Ra, 5°Ni and ?*'Am are considered
among the most safety-critical radionuclides in a repository due to their
high abundance in combination with their radiotoxicity and potential
long-term risks (SKB, 2010b) (SKB, 2010c). The elements are redox-

Received 10 July 2024; Received in revised form 14 April 2025; Accepted 23 April 2025

Available online 24 April 2025

0169-7722/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:pawank@chalmers.se
www.sciencedirect.com/science/journal/01697722
https://www.elsevier.com/locate/jconhyd
https://doi.org/10.1016/j.jconhyd.2025.104593
https://doi.org/10.1016/j.jconhyd.2025.104593
http://creativecommons.org/licenses/by/4.0/

P. Kumar et al.

insensitive and therefore exist in specific redox states under the re-
pository conditions: Cs(I), Ra(II), Ni(II), and Am(III) (Crawford, 2010).
In this work, 134Cs, 133Ba, %°Co, and '®?FEu were selected as either pri-
mary element of study (Cs) or as analogous element (Ba, Co, and Eu).
The sorption of radionuclides under the anticipated repository condi-
tions is typically expressed using the distribution coefficient R4. Both the
Finnish (Posiva) and the Swedish (SKB) nuclear waste management
companies have extensively investigated radionuclide sorption onto on-
site granitic materials under some limited conditions (Crawford, 2010)
(Hakanen et al., 2012). Most results have been released in technical
reports like those just cited and some additional studies have appeared
in academic publications, some examples are (Allard and Beall, 1979),
(Allard et al., 1980), (Skagius et al., 1982), (Ohe, 1984), (Idemitsu et al.,
1994), (Murali and Mathur, 2002), (Tsai et al., 2009), (Nebelung and
Brendler, 2010), (Fukushi et al., 2013), (Tachi et al., 2015), (Muuri
etal., 2016), (Rodionova et al., 2022). However, these studies are mostly
empirical and very few of them have modelled Ry on the individual
minerals of granitic rock, using surface complexation models (SCMs),
which is also the conclusion from a recent literature review (Holgersson
and Kumar, 2023).

SCMs provide a more detailed understanding of the sorption pro-
cesses by describing the interactions occurring at the solid-liquid
interface, thereby enhancing the predictive capability of radionuclide
retention in granitic rock. Predictions of sorption behavior under
different chemical conditions require a reliable sorption model, based on
reaction-mechanistic SCM for the individual minerals and then from
this, a model of sorption on a complex rock material by methods like the
Component Addition approach (Davis et al., 1998), (Davis et al., 2004).
Even if geological conditions remain stable within the nuclear waste
repository over time, chemical conditions and groundwater composition
are likely to be affected by accompanying events to any climate changes,
whether it is rising sea-levels or an ingress of fresh water from a de-
glaciation phase. Such changes in groundwater composition will lead
to changes in Ry values. Granitic rock at the proposed Swedish re-
pository site is composed of many different minerals, including 3 %-12
% biotite (Drake et al., 2006) (Selnert et al., 2008).

Biotite is a solid solution composed primarily of the magnesium-rich
endmember phlogopite (KMgs3(AlSiz019)(OH)2), the iron-endmember
annite (KFe%*(AlSigom)(OH)z), and two more aluminum-rich end-
members: siderophyllite (KFe%*Al(AIZSizol0)(0H)2) and eastonite
(KMg2Al(Al5Si2010)(OH)3) (Rieder et al., 1998). Biotite is considered to
have a relatively strong radionuclide sorption capacity compared with
those of other minerals present in granite (Cornell, 1993), (Tsai et al.,
2009) (Fukushi et al., 2013) (Tachi et al., 2015) (Muuri et al., 2016).
Therefore, biotite was chosen as the primary mineral for this study.

According to a recent literature review of SCM data for trace element
sorption onto biotite (Holgersson and Kumar, 2023) the sorption
isotherm study, which involves varying the sorbing element concen-
tration, usually at a fixed pH and ionic strength, is the most commonly
used method. Such sorption isotherms have been modelled using a
three-site cation-exchange model for Cs sorption (Kyllonen et al., 2014)
and for alkaline earth metals such as Ca, Sr and Ra (Soderlund et al.,
2019) and Ra (Fabritius et al., 2022), although in the latter the model
was re-defined to comprise of one exchange site and two surface com-
plexes sites. The three-site model was originally developed for the clay
mineral illite (Bradbury and Baeyens, 2000). At least for Cs sorption, the
identification of one weakly sorbing basal sorption site and one strongly
sorbing edge site in biotite is also supported by a spectroscopic study
(McKinley et al., 2004). According to the same review, systematic
studies of radionuclide sorption on biotite under varying conditions,
including pH, ionic strength, and temperature, remain limited
(Holgersson and Kumar, 2023). In some studies, the pH has been set to a
fixed value and the ion strength has been varied (Soderlund et al., 2019)
or vice versa (Furuya et al., 1997). Some studies were found in which
both the ionic strength and pH were varied while the trace concentra-
tions of Ni and Eu (Puukko et al., 2007) and Eu (Fukushi et al., 2013)
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were fixed. These studies were conducted at room temperature, and the
sorption data were modelled either using a combination of one 1-pK,
surface complexation site and one ion-exchange site (Puukko et al.,
2007) or only one ion-exchange site (Fukushi et al., 2013). Another
study was made in a limited range of pH 8-11 with varying Na-car-
bonate electrolyte concentration for Th sorption onto biotite and sorp-
tion was modelled with one 2-pKa surface complexation site only (IIda
et al., 2016). This lack of systematic sorption data for biotite is a notable
knowledge gap, as it is essential to explore a wider range of variables to
develop a robust SCM for a specific mineral (Payne et al., 2013). The aim
of this work is to determine the Rg4-values for a biotite of well-defined
particle size fraction using four radionuclides (*3cs, 13%Ba, %0Co, and
152F1) under varying conditions, including five pH values (5, 6, 7, 8, and
9), three ionic strengths (0.001, 0.01, and 0.1 M NaClO4) and elevated
temperatures of 40 and 60 °C. The resulting dataset then serves as an
input for obtaining SCM parameters, describing sorption in detail with
assigned and specific surface reactions. The modeling method includes
PHREEQC geochemical modeling software for speciation calculations,
integrated with a computer code written in Python programming lan-
guage for the parameter optimization. This employs an iterative method
(Nelder and Mead, 1965) to derive surface complexation reaction con-
stants and ion-exchange selectivity coefficients. In the same context, a
similar study at 25 °C have been reported elsewhere (Cs, Ba, Co, and Eu
sorption onto biotite at pH 5-9 and at varying ionic strength, submitted
to J. Environ. Radioactiv.).

2. Materials and methods
2.1. Materials and mineral characterization

In this study, a biotite specimen from granitic pegmatite from Risgr,
Norway was used. In a previous work, the biotite composition was found
to be Kj.05(Mgo.70Mng.gsTip.18Fe (ID)1.g1Fe (I)g.25) Aly.28Si2.62010(0H)2
(Holgersson et al., 2024). The biotite was prepared for the sorption ex-
periments by crushing it with the help of a blender machine with steel
knives (M20, IKA) and then sieving it with stainless steel sieves (200 mm
@ 1S03310-1 type, AS200 sieve shaker, Retsch) to achieve a particle size
of 0.25-0.5 mm. The resulting material was then washed several times
with 95 % ethanol to remove ultrafine particles. The biotite was further
dried in a vacuum chamber (Vacucell, MMM) at a temperature of
approximately 19+2 °C for several days. The biotite specimen charac-
terization in terms of specific surface area (SSA), acidic site density
(ASD), and cation-exchange capacity (CEC) has been previously re-
ported (Cs, Ba, Co, and Eu sorption onto biotite at pH 5-9 and at varying
ionic strength, submitted to J. Environ. Radioactiv.). For SSA, Kr gas
adsorption was used and evaluated with BET isotherm (Brunauer et al.,
1938). For ASD the tritium exchange method (Berubé et al., 1967) was
used and for CEC the Na-acetate method (Schollenberger and Simon,
1945) was used. The experimentally obtained SSA, ASD and CEC were
determined to be 0.47 +0.01 m?/g, 3.3+ 0.6 x 108 mol/g and 1.0 +
0.1 cmolc/kg, respectively. A concise summary of the experimental
methods and findings related to SSA, ASD, and CEC is provided in Ap-
pendix C. Impurities, such as Ca>" and Mg™, that are attached to the
biotite surface may interfere with batch sorption experiments involving
Na™ electrolytes. Therefore, to minimize the influences of other cations,
the biotite was converted into a sodium form, containing only Na™ on its
exchange sites as much as possible. The procedure has been reported
elsewhere (Cs, Ba, Co, and Eu sorption onto biotite at pH 5-9 and at
varying ionic strength, submitted to J. Environ. Radioactiv.).

2.2. Titration and batch sorption experiment

Continuous titration on suspensions of biotite in NaClO4 solutions in
triplicate was performed to determine the acid-base properties of the
biotite mineral at 40 4 2 °C and 60 =+ 2 °C. Standard solutions of 0.01 M
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HCI and 0.1 M NaOH (both Titrisol, Merck) were used as titrants, where
the latter was prepared and stored in an inert gas glovebox (UNILab,
MBraun) to avoid carbonate formation in the solution. A closed glass
vessel and computer-controlled automatic titration instrument (905
Titrando, Metrohm) were utilized, as well as a glass electrode
(6.0250.010, Metrohm). The vessel temperature was maintained via a
water recirculation and heating bath (TC120, Grant). Next, 0.5 g of
mineral was added to 50 mL of 0.01 M NaClOy4 electrolyte solution. The
suspension was stirred for 10 min, and ~ 2.5 mL of HCI solution was
added to obtain a pH of approximately 3. The suspension was then
titrated with 0.1 M NaOH solution, using a fixed incremental volume of
8 pL/addition in 15 min intervals. Prior to the titrations, the electrode
was calibrated to proton concentration by performing the titration
procedure proposed by Gran (Gran, 1950). A solid-suspension ratio (S:L)
of 1:100 was selected based on the literature recommendations
(Jakobsson, 1999), with the aim of balancing the suspension homoge-
neity and achieving accurate {H"} measurement. Batch sorption ex-
periments were conducted in triplicate at 40+2 °C and 60+2 °C utilizing
heating blocks (Isotemp, Fisherbrand) inside a Nj-filled glove box
(UNILab, Mbraun) with an automatic oxygen-removal system ([O3] < 1
ppm). The radioactive elements used were '3*Cs (CsCl in 0.1 M HCI, 10
ug Cs/mL), 1*3Ba (BaCl, in 0.1 M HCL, 10 pg Ba/mL), 5°Co (CoCl, in 0.1
M HCl, 10 pg Co/mL), and '>?Eu (EuCl; in 0.5 M HC, 10 pg Eu/mL) (all
provided by Eckert & Ziegler). Three different concentrations of NaClO4
(Merck p.A, >98 %) solutions were prepared: 0.1 M, 0.01 M, and 0.001
M. Each solution was divided into five solutions with different pH values
buffered to pH 5-9 using organic pH buffer solutions, as indicated in
Table 1, with concentrations of 5 mM for 0.1 M and 0.01 M NaClO4 and
0.5 mM for 0.001 M NaClO4. The buffer solutions were chosen for their
negligible tendency to form complexes with metals (Yu et al., 1997).
The pH buffered solution was spiked with a mixture of 134cg (0.3
MBq/L), *3Ba (0.8 MBg/L), ®°Co (0.4 MBgq/L), and '>2Eu (0.1 MBq/L)
corresponding to an approximate concentration of 10~ M for each
radionuclide with carrier isotopes included. Then, the solution’s pH was
re-adjusted using 0.1 M NaOH or HClO4. The pH values were measured
with glass electrode and pH meter (pHC 3006-9, pHM 240, Radiom-
eter). The batch sorption experiment was conducted in 10 mL acid-
washed polypropylene centrifuge tubes (Oak Ridge 3119-0010,
Thermo Scientific) by adding 0.1 g of crushed biotite with 5 mL of
radiotracer-spiked NaClO4 solutions, resulting in a solid-to-liquid ratio
(S:L) of 1:50. The sorption experiment was completed in approximately
two months, where the sampling was done in the time intervals of 2, 14,
28, and 56 days. On each sampling occasion, the tubes were cen-
trifugated at 45,000 g and 0.1 mL samples were withdrawn, except on
the last occasion, when the 0.5 mL samples were withdrawn. The gamma
count rate per solution volume (cpm/L) of all four radionuclides in the
aqueous phase was measured at nuclide-specific gamma energies 121,
356, 605 and 1173 keV for '>?Eu, 1*°Ba, 134Cs and *°Co, respectively,
with an HPGe detector equipped with sample changer (GEM23195 de-
tector, 2002C preamp, DSA2000 MCA, GammaAnalyst, Genie2000
v.3.4.1 software, Canberra/Mirion) for 3 h. In total, 90 batch samples
were prepared, covering two temperatures, three ionic strengths, and
five pH values, each in triplicate. Additionally, 30 blank tubes were
prepared to evaluate wall sorption without biotite, along with acidic
blanks (0.1 M HCI) in duplicates to determine the reference trace con-
centration values. Eq. (1) was used to compute the wall sorption-
corrected distribution co-efficient Ry (m3/kg) on biotite for each

Table 1

List of organic buffer solutions used in batch sorption experiments.
Buffer pH
DEPP (1,4-Diethylpiperazine, 98 %, Alfa Aesar) 5and 9
MES (2-(N-Morpholino) ethane sulfonic acid, 99 % Sigma-Aldrich) 6
MOPS (3-(N-Morpholino) propane sulfonic acid, 99.5 % Sigma-Aldrich) 7
PIPPS (1,4-Piperazine bis-(propane sulfonic acid), 98 % Merck) 8
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radionuclide (Andersson et al., 2008):

n-1
_ V, A
R, — CeVise Vout.n (v, — Zn—lV R outn ¢ 1:21 out,1
¢ Aoutn 0 i1 o d Aoutn
1
o
m

@

Here, the average measured reference concentration c (cpm/L) was
obtained from the acidic references; Vo, (L) and Aoy, (cpm) are the
volume and measured activity of sample n, respectively; Vs (L) is the
volume of the radioactive solution that was initially added; V(L) is
initial liquid volume of the batch, including V. and any remaining
liquid from the preconditioning; m (kg) is the mass of the solid used in
the sorption experiment; and Lq (L) is a wall sorption factor measured in
the blank series of batch tests. The two summation variables in Eq. (1)
were derived from an overall mass balance and were used to adjust for
radioactivity and the volumes extracted in the subsequent samplings.
Essentially the same formula was used to compute the wall sorption
factor; however, because the mass involved in wall sorption is unknown,
the wall sorption factor Ly (L) can be defined as:

n-1
V. A
Ce Vref . VoutAn Ay Z“*lv N\ outn ® 1:2; out,1
Aout,n 0 i1 o Aout,n

ELd

Ry wall ® Myan =

(2)
2.3. Modeling methods for titration and sorption data

The conceptual model used herein to describe sorption on biotite is
based on the collected evidence in the literature that at least two distinct
types of sorption sites should be present: one on the basal plane surfaces
and another at the edges (Nagy, 1995), (Holgersson and Kumar, 2023).
The basal plane sites are assumed to be ion-exchange sites, denoted as X,
and the edge sites are amphoteric surface complexation sites, denoted as
=SO". The conceptualization of the biotite used for modeling is shown
in Fig. 1.

In order to apply this model to the measured distribution coefficients
Ry at different pH values, one must first make assumptions on some
specific surface reactions. The titration data at 40 and 60 °C were
modelled by including the following reactions:

NaX +H"=HX + Na* R.1)
=SOH= =S50 +H" (R.2)
= SOH,= = SOH+H* (R.3)
=S50 +Na'= = SONa (R.4)
= SOH + Na'=SOHNa" (R.5)

These reactions consider ion-exchange on the basal planes between

Basal plane

Edge surface sites (£S07)

Fig. 1. Graphical representation of the TOT+C structure of the biotite mineral.
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the protons and background electrolyte (R.1), protonation of the edge
surface (R.2) and (R.3), and strong (R.4) and weak (R.5) surface com-
plexes with the background electrolyte. The corresponding selectivity
coefficient for ion exchange Kygqx is defined by

_ [HX){Na"}

= NaX|{H"} ®

Knax

The surface acidity constants K,; and K, are defined as

[=SOH]{H"}

K, =
a [ = SOH,]

G

[=SO7]{H"}

Koo =
2 [ = SOH]

()

The surface complexation constants for reactions (R.6) and (R.7) are

~ [=SONga]
Ksona = (=50 [{Na'} (6)
_ [=SOHNa"|
KSOHN(I - W (7)

The symbol [] indicates that the concentration is given in units of
mol/L. In the model, any electrostatic effects from possible charge
buildup of electrolyte Na™ ions on the mineral surface edges were not
considered, which means that a non-electrostatic model (NEM)
approach was applied. Additional data of total site capacities were taken
from the experimental data of ASD and CEC for the surface complexation
and ion-exchange, respectively (see Section 2.1). The chemistry speci-
ation calculation for the titration experiment generates a non-linear
equation system of four mass balances with the concentration vari-
ables [H'], [Na™], [=SO~] and [HX]. This speciation calculation was
made here with the computer code PHREEQC (Parkhurst and Appelo,
2021), initially with guessed values of the constants in (Egs. (3)—(7)).
Then, the error sum was evaluated:

> sy~ e ) ®

In (Eq. (8)), n is the total number of points in the titration curve,
[HM] exp,i is the measured proton concentration at point i, and [H 1 car,i is
the proton concentration calculated according to the mass balances. The
resulting error was minimized with an iterative optimization computer
routine written in Python programming language, which guessed values
for constants using the Nelder-Mead method (also known as the
downhill-Simplex) until the error sum converged to a minimum value
(Nelder and Mead, 1965). The communication between the two pro-
grams was accomplished with the integration program IPHREEQC
(Charlton and Parkhurst, 2011), (Wissmeier and Barry, 2011). After this
step, the constants and coefficients in (Egs. 3-7) were fixed and used in
the next step of modeling the sorption distribution coefficients (Rq4
values) at five different pH values. A similar model was fitted to the
equilibrium distribution coefficients Ry in the batch sorption experi-
ments with trace elements and was then used to minimize the error sum:

n

Z abs(Raexpi — Racatc.i) (€C))
i=1

In (Eq. (9)) n denotes the number of batch experiments for one
radiotracer and one ionic strength, which were fifteen in total (five pH,
made in triplicates). Furthermore, it should be noted that each experi-
mental Ry value is determined for the whole time-dependent series (see
Section 3.2), which consists of four sampling points, which altogether
gives 60 experimental datapoints for the optimization of the parameters.
The optimization was made for the three ionic strengths separately
because the ion exchange coefficients tend to vary with ionic strength in
a rather unpredictable manner (like Ry coefficients), unlike the reaction
constants obtained at zero ionic strength. Similar reactions for ion
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exchange (R.1) and surface complexation (R.4 and R.5) were used for
the trace element cations. These were modelled individually, assuming
the sorption of each element did not interfere with each other. For all
elements, except Cs, hydroxide complex formation had to be considered.
The aqueous hydroxide complexes included in the model are shown in
Table 2, below.

The constants in Table 2 were re-calculated to the appropriate tem-
perature by the PHREEQC database MINTEQ. Some hydroxide com-
plexes of radiotracer were allowed to form ternary surface complexes,
and, in some cases, also exchange species. The corresponding reactions
with reaction constants and coefficients were defined according to same
formalism as for the bare cations. The specific hydroxide complexes that
were assumed to partake in sorption are described further in the results
(see Tables 6-8). The mass balances for the batch sorption modeling
were like those for titration modeling, except that the volume of solution
and pH of each individual batch experiment were fixed by initial con-
ditions and then both assumed to be constant. This again generates a
non-linear equation system of four mass balances with the concentration
variables [M*], [Na™], [=SO~] and [HX], to be solved with the same
iterative method as described above. With the reaction constants and
coefficients (K is here used for both types) at different temperatures
determined, the logarithmic values were then plotted against 1/T ac-
cording to the van’t Hoff equation:

AS°  AH°

LogK = R " RT (10)

From this, the reaction enthalpies AH° and entropies AS° were
evaluated.

3. Results and discussion
3.1. Titration results

The biotite titration results at 40 and 60 °C are shown in Fig. 2, and
the corresponding optimized reaction constants for biotite are listed in
Table 3.

The changes in pK, values with temperature indicate that the pre-
dominance domain of the non-charged =SOH surface species becomes
narrower with increasing temperature, and it seems to favor the charged
surface species =SO~ and =SOH3. The stability constants for the Na*
surface complex appear to increase with increasing temperature, which
means that Na® sorption on sites of this type is favored by increased
temperature. Ion exchange between H and Na', on the other hand,
seems not to be affected by temperature. Fig. 3 shows the net amount of
protons consumed as a function of pH at 40 and 60 °C. The point of zero
surface charge, pHy,,, is the intersection of the potentiometric titration
curves at both temperatures, indicating a value about 5.5-6. Similar
results have been reported for other biotite specimen (Puukko et al.,
2007).

The experimental CEC and ASD values were adjusted slightly in
order to attain an optimal fit of the titration data. The optimized values
from titrations are 2.5 and 5.1 times larger than from the CEC and ASD

Table 2
Thermodynamic data at 25 °C and zero ionic strength of aqueous
hydroxide complexes of Ba, Co, and Eu used in sorption modeling.

Reaction log g
Ba%** + H,0 = Ba(OH)" + H* 0.68'
Co®" + H,0 = Co(OH)* + H* 4.39"
Co®* + 2H,0 = Co(OH), + 2H* 8.231
Co?* + 3H,0 = Co(OH); + 3H* 10.0
Eu®t + H,0 = Eu(OH)*" + HY 7.68"
Eu®* + 2H,0 = Eu(OH); + 2H' 15.58
Eu®* + 3H,0 = Eu(OH)3 + 3H* 2417}

from | (Ekberg and Brown, 2016) and  (Jordan et al., 2024).
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— = =Modelling 40 °C
— = =Modelling 60 °C
® Experiment 40 °C

A Experiment 60 °C

i 13 _&i.‘_%::-: ________
) %‘_ A
B AR
ﬁ+¢
o]
L6 & I
LY.
_ "’ . ?
s LTl
2 4
0 ‘ ' : I . T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

0.80

NaOH added (mL)

Fig. 2. Experimental (average of triplicates) and modelled titration curves for a suspension of biotite in 0.01 M NaClO4 solution at 40 and 60 °C.

Table 3

Optimized acidity (= SOH,, =SO7), cation-exchange (X), sodium inner
(= SONa), and sodium outer ( = SOHNa") sphere complex reactions and their
associated reaction constants or coefficients for biotite at zero ionic strength.

Reactions log k at 40 °C log k at 60 °C
= SOH,= = SOH + H* — 5.0+0.2 — 5.3+0.1
=SOH==S0" + H" — 7.0+0.3 —6.9+£0.2
=S80~ + Na"= = SONa 2.04+0.4 3.2+0.1
= SOH + Na*= = SOHNa* 2.0+0.8 2.3+0.2

log kex at 40 °C log kex at 60 °C
NaX+ H'=HX + Na' 2.94+0.2 2.940.1

experiments, respectively (see Section 2.1), possibly due to some gen-
eration of fine particles during magnetic stirring during titration. Fine
particles can have a relatively large SSA and possibly contribute with
additional ASD and CEC. Ideally, this could have been verified by per-
forming a particle size analysis of the biotite sample post-titration, either
by performing an additional BET analysis, or by determining the particle
size before and after titration, using, for example, a Dynamic Light
Scattering (DLS) method. Unfortunately, this was not done. However,
such additional uptake capacities by fine particles, if present, should not
affect the determination of values of reaction constants and coefficients
of the biotite mineral, which was the aim of the titration experiments.
The optimized values are shown in Table 4.

3.2. Time-dependent batch sorption results

The batch sorption experiments lasted for approximately two
months. During this time, the apparent R; values were expected to in-
crease gradually due to an in-diffusion transport process in the biotite
grains. The time-dependent results were comparable for all radioactive
elements. Therefore, for illustration purposes only, the time-dependent
sorption of barium and cobalt at 0.01 M ionic strength at 25 (Cs, Ba,
Co, and Eu sorption onto biotite at pH 5-9 and at varying ionic strength,
submitted to J. Environ. Radioactiv.), 40, and 60 °C is presented in
Fig. 4. The complete set of time-dependent data for Ry is given in Ap-
pendix A in Section Al (Cs) A2 (Ba), A3 (Co) and A4 (Eu) respectively.
The method used for evaluating Ry values from the time-dependent re-
sults is detailed in Appendix C, Section Al. The results indicate that the
equilibrium for radionuclide sorption was achieved within one month,
after which no significant increase in sorption was observed, but rather a
slight decrease. The latter may be an effect of partial dissolution of the
biotite surface. The rapid increase in sorption during the first month of
the batch experiment may be an indication of the presence of a large
number of active sites on the biotite surface, while additional sites are

Table 4
Experimental and optimized CEC and ASD values.

Experimental value (mol/g) Optimized value (mol/g)

CEC 1.0+£0.1x 107 254+0.5x 107°
ASD 3.3+ 0.6 x 10 1.7+ 0.1x 1075
6.00E-04
L.
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i
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Fig. 3. Potentiometric titration (average of triplicates) of a biotite suspension in 0.01 M NaClO, solution at 40 and 60 °C.
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Fig. 4. Example of the effects of contact time on barium and cobalt sorption onto treated biotite for pH 6 in 0.01 M NaClO4 at 25 (Cs, Ba, Co, and Eu sorption onto
biotite at pH 5-9 and at varying ionic strength, submitted to J. Environ. Radioactiv.), 40, and 60 °C.

subsequently reached and occupied in the pore system of the particles.
Interestingly, the temperature did not seem to have much effect on the
time required to reach equilibrium.

Fig. 4 also shows that cobalt sorption increased with rising temper-
ature. However, in the case of barium, temperature had no noticeable
effect on its sorption.

3.3. Batch sorption results for Cs

The experimental results for cesium sorption on biotite indicate that
all three variables investigated (the ionic strength, pH, and temperature)
had significant impacts on the results (see the tables in Appendix A). The
Ry values at two months for 0.001, 0.01 and 0.1 M ionic strength are
shown in Fig. 5a (40 °C) and 5b (60 °C).

At both temperatures, the Ry values of cesium decrease as the ionic
strength increases from 0.001 to 0.1 M, which is most likely an effect of
the Na™ ions competing for the accessible sorption sites. In addition, the
effect of pH is an increase of the Ry values at both temperatures. The
apparent slight decrease in sorption at 0.001 M ionic strength and

temperatures of 40 and 60 °C when the pH increases from 7 to 9 (Fig. 5a,
b) is probably within the error margin.

From a comparison of Fig. 5a and b, the temperature has a relatively
large positive effect on Cs sorption, with Ry increasing from 2.3 to 7.8
mg/kg at 0.001 M. For the other two ionic strengths (0.01 M and 0.1 M),
the increases in Ry are lesser but still detectable. The temperature effect
is the most pronounced for 0.001 M NaClOy4 in the pH range of 7-9. One
can therefore expect that the surface species that govern cesium sorption
under these specific conditions are also responsible for this temperature
effect.

The model for Cs enables the following surface species to form: CsX
(ion exchange), =SOCs (“strong” complex), and =SOHCs" (“weak”
complex). However, since the inclusion of the “weak complex” did not to
improve the fitting, it was subsequently omitted from model. Fig. 5c and
d display the results of Cs sorption modeling for 0.001 M NaClOy4 at 40
and 60 °C. The results for 0.01 and 0.1 M are shown in Appendix B. The
modeling results suggest that at 40 °C, cesium uptake is primarily gov-
erned by ion exchange (CsX) with a contribution from surface
complexation (=SOCs) species across all pH values. In contrast, at 60 °C,

2.54 a 8 b
7
2.0 .
215 { { Bs
3 E, {
& 104 & 3
L 2
051
- & x * & 0__/ Y
(Y — : - - : - : : ol e — A : = . :
50 55 60 65 7.0 75 80 85 9.0 55 6.0 6.5 7.0 75 8.0 85 9.0
pH

Rg (M*/kg)

9.0

Rq (M*/kg)

Fig. 5. Experimental (symbols) and modeling (continuous lines) results for cesium sorption onto biotite mineral at 40 °C (a) and 60 °C (b) in 0.001 M (black symbols
and lines), 0.01 M (yellow symbols and lines), 0.1 M (green symbols and lines) in NaClO, solution. The contributions of different Cs species to cesium sorption at 40
(c) and 60 °C (d) for 0.001 M (black symbols and lines) NaClO4 which are CsX (purple dashed line) and =SOCs (blue dashed line). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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cesium sorption was only controlled by surface complexation (=SOCs)
species.

Additionally, at both temperatures, surface complexation becomes
the most significant sorption species as the ionic strength increases from
0.001 M to 0.1 M. The ion-exchange species makes a very low (at 40 °C
and pH > 6) to negligible (at 60 °C and pH > 5) contribution to sorption,
especially at the highest NaClO4 concentration (0.1 M). A summary of
the surface reactions and optimized constants and coefficients is given in
Table 5.

The modeling results reveal that as temperature increases from 40 °C
to 60 °C (Fig. 5) and under the same ionic strength conditions, Cs
sorption via ion exchange (CsX) decreases, while surface complexation
(=SOCs) becomes the predominant mechanism. This shift likely explains
the overall increase in cesium sorption with temperature.

Table 5 also shows the selectivity coefficients for cation exchange
which were allowed to vary across the three series of different ionic
strengths. This variation was allowed because previous studies have
shown that the selectivity coefficient seems to be dependent on the ionic
strength, see (Missana et al., 2014) and references given therein. How-
ever, the results presented here for Cs indicate that this dependence is
only marginal with average ion-exchange log k., values 1.5 + 0.4 (40
°C) and 0.9 £ 0.1 (60 °C), that is, the standard deviations are acceptable.
In conclusion, Cs sorption increased with temperature, especially at low
ionic strength at which the competition from Na™ was low. This effect
was ascribed to the formation of the surface complex =SOCs. Further, as
the temperature increased, surface complexation started to take over as
the main sorption process, and at the highest temperature of 60 °C, ion
exchange had a very small role in Cs' uptake. Besides the temperature
effects, both an increased ionic strength and a decreased pH seemed to
suppress Cs' sorption by Na® and H' competition mechanisms,
respectively.

3.4. Batch sorption results for barium

The experimental and modeling results for Ry values of barium
sorption onto biotite for three ionic strengths are presented in Fig. 6a
(40 °C) and 6b (60 °C), respectively. The complete set of data is shown in
the tables in Appendix A. At both temperatures, the Rg -values of barium
are considerably reduced by the increased ionic strength, a behavior
similar to that observed for cesium and a result of increased Na®
competition for the sorption sites.

In addition, Ba sorption clearly indicates that the pH has a significant
impact on sorption, with sorption increasing continuously up to pH 9,
even though this behavior is suppressed at the highest ionic strength. On
the other hand, the increase in temperature from 40 to 60 °C has little
effect on sorption, with no significant change in Rg-values, as shown in
Fig. 6a and b.

Ba sorption data was initially modelled by considering five sorption

Table 5

Surface complexation and cation-exchange reactions and their associated con-
stants (log k) and selectivity coefficients (log kex) for Cs at 40 and 60 °C at zero
ionic strength.

Reactions log k (40 °C) log k (60 °C)

=S50 + Cs*= =S0Cs 5.0+0.2 6.2+0.2

= SOH + Cs"= = SOHCs™" Not significant*  Not
significant*

Reaction/ ionic log kex (0.001 log kex (0.01 log kex (0.1 M)

strength M) M)
at 40 °C
Cs" + NaX=CsX + Na* 1.8 1.7 1.0

Reaction/ionic strength at 60 °C
Cs* + NaX=CsX + Na* 0.9 1.0 0.8

" The surface complex did not improve the fitting of the model.
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species: BaX, and XBaOH (ion-exchange), =SOBa* (“strong” complex),
=SOHBa?" (“weak” complex), and also the hydrolyzed sorption species
=SOBaOH. The “weak” complex was subsequently removed from the
modeling since it did not improve the fitting of the model to the data.
Fig. 6¢ and d display the modeling results for 0.001 M NaClOy4, and the
results for 0.01 and 0.1 M are shown in Appendix B. The modeling re-
sults indicate that, at 0.001 M NaClO4 and temperatures of 40 and 60 °C
sorption is primarily governed by ion exchange, specifically the forma-
tion of BaXz, with additional contributions from surface complexation
involving the =SOBa™ species across all pH values. However, at pH
values greater than 8, some additional contributions from the hydro-
lyzed surface species, =SOBaOH, and XBaOH species were observed.

Furthermore, as the ionic strength increases from 0.001 M to 0.1 M at
both temperatures, ion exchange becomes increasingly suppressed, and
surface complexation emerges as the dominant sorption mechanism at
the highest NaClO4 concentration (0.1 M).

The fact that the ion-exchange surface species BaXj is always
dominant, except possibly at the highest ionic strength, may explain the
lack of temperature dependency of barium sorption. This behavior of
barium is in contrast to that of cesium, where the surface complex
=SOCs was dominant over the ion-exchange species CsX and therefore
showed a noticable temperature dependency. From these two cases, one
may conclude that surface complexation may be a more temperature-
dependent process than ion exchange. A summary of the surface re-
actions used in the modeling, along with their optimized constants and
coefficients, is provided in Table 6.

The surface complexation constant for barium increased with rising
temperature, suggesting that the formation of barium surface complexes
becomes more pronounced at higher temperatures. The selectivity co-
efficients for cation exchange were allowed to vary across the series of
ionic strengths, and here the large standard deviations of the average
results indicate that for barium the coefficients increase with ionic
strength, even if they are formally corrected to zero ionic strength, this
type of behavior have been discussed previously by (Missana et al.,
2014). The average log k., values for ion exchange for the BaXy specie
are —0.2 + 0.5 (40 °C) and 0.5 + 1.2 (60 °C). In conclusion, the tem-
perature had a small effect on barium sorption. In contrast to the case of
cesium, the impact of temperature on barium sorption in 0.001 and 0.01
M NaClOy4 solutions was very low at all pH levels. On the other hand, at
the highest ionic strength (0.1 M), with ion exchange suppressed, an
increase in barium sorption with temperature was seen at high pH levels
(pH > 6), However at pH < 6, the impact of temperature was negligible.
In contrast to Cs sorption, Ba sorption shows a limited influence from
increased temperature. However, similar to the case of Cs, an increased
ionic strength and decreased pH suppress barium sorption by Na® and
H™ competition mechanisms, respectively. This competition for sorption
sites is effective for both surface complexation (Cs) and ion exchange
(Ba).

3.5. Batch sorption results for cobalt

The experimental and modeling results for Co sorption onto biotite
for three ionic strengths are shown in Fig. 7a (40 °C) and 7b (60 °C),
respectively. The complete datasets can be found in Appendix A.

At both temperatures, the Ry values of cobalt are considerably
reduced at low pH values, a behavior very similar to those of both ce-
sium and barium and that can be related to increased competition from
H™ for the sorption sites. However, unlike Cs and Ba, the effect of
increased ionic strength is comparatively small or reversed, with
increasing sorption with ionic strength. The temperature has a relatively
large positive effect on Co sorption. These findings could be an indica-
tion of the formation of strong cobalt surface complexes on the biotite
surface. Another feature so far unique for Co is that sorption increases
from pH 6 to 8 and then begins to decline from pH 8 to 9 for all three
ionic strengths and at both 40 and 60 °C. This type of declining sorption
with pH is typical for elements that are strongly hydrolyzed.
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Fig. 6. Experimental (symbols) and modeling (continuous lines) results for barium sorption onto biotite mineral at 40 °C (a) and 60 °C (b) in 0.001 M (black symbols
and lines), 0.01 M (yellow symbols and lines), 0.1 M (green symbols and lines) in NaClO,4 solution. The contributions of different Ba species to barium sorption at 40
°C (c) and 60 °C (d) for 0.001 M (black symbols and lines) NaClO, are: BaX, (gold dashed line), =SOBa™; (blue dashed line), =SOBaOH (red dashed line) and XBaOH,
(magenta dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
Surface complexation and cation-exchange reactions and their associated con-
stants (log k) for Ba at 40 and 60 °C at zero ionic strength.

Reaction log k (40 °C) log k (60 °C)
=S50~ +Ba’** = =SOBa" 53+0.3 59+04
=S80 + Ba(OH)*f— = SOBaOH 9.3+0.3 9.7+11
= SOH + Ba®" = = SOHBa*" Not Not
significant* significant*
6.1+0.5 5.2+03
Reaction/Ionic Strength at log kex log kex (0.01 log kex (0.1
40 °C (0.001 M) M) M)
NaX + BaOH"=BaOHX + 5.8 6.7 6.0
Na™
Ba®" + 2NaX=BaX, + 2Na* - 0.5 0.3 1.2
Reaction/Ionic Strength at 60 °C
NaX + BaOH" =BaOHX + 5.0 5.1 5.6
Na™
Ba®" + 2NaX=BaX, + 2Na’ -06 0.5 0.7

" Inclusion did not improve the fitting of the model to the sorption data.

In order to fit a model to the Co sorption data, three surface com-
plexes ( =SO0Co™, = SOCoOH, = SOCo(OH); ) and one ion-exchange
species (CoXy) were considered but the latter specie contribution to
sorption was found to be negligible. Also, the weak surface complex =
SOHCo*" was found to play a negligible role and was therefore excluded
from the modeling. Figs. 7c (40 °C) and 7d (60 °C) display the modeling
results for 0.001 M NaClO4, and those for 0.01 and 0.1 M are shown in
Appendix B. The modeling results indicate that Co sorption at pH 7 is
primarily governed by the = SOCo" species but already at pH 8, =
SOCoOH becomes the dominant sorbing species with the = SOCo(OH),
species also contributing at highest pH. The surface complexation re-
actions that were used are listed in Table 7, along with their optimized
constants.

Cobalt sorption modeling results show a predominant surface
complexation mechanism, which should be in line with the reasoning
above regarding a correlation between surface complexation and a
strong influence from temperature changes. Co shows a particular strong
effect from temperature (Fig. 7a and b) with the maximum R, value, at
approximately pH 7-8, increasing from 8 to 19 m®/kg for 0.1 M NaClO,

and significantly, the reaction constants for all Co surface complexes
increase with temperature (Table 7). In conclusion, cobalt sorption
increased with temperature at all three ionic strengths investigated. This
effect was ascribed to the formation of three surface complexes =SOCo™,
= SOCoOH, and = SOCo(OH),. The sorption of cobalt was unique
among the elements investigated in this study in that sorption was
modelled purely as surface complexation without any involvement of
ion exchange. The observed decrease in sorption for cobalt above pH 8 is
likely due to the formation of aqueous hydroxide complexes. At low pH,
cobalt sorption decreased rapidly, most likely due to the protonation of
the surface complexation sites.

3.6. Batch sorption results for europium

The modeling and experimental data for Eu sorption at all ionic
strengths (0.001, 0.01, and 0.1 M) at are shown in examples Fig. 8a (40
°C) and 8b (60 °C). The complete dataset is shown in Appendix A.

Europium sorption increases as the pH increases to approximately
pH 6-7 at both temperatures and then gradually decreases as the pH
increase further. The decrease is most likely attributed to the formation
of aqueous Eu hydroxyl complexes. The influence of ionic strength is not
particularly pronounced. The temperature has a comparatively large
positive effect on europium sorption, increasing Ry from approximately
11 to 35 m®/kg for 0.01 M NaClO4 at pH 6. When comparing Eu sorption
results with the results for the other three elements, this indicates that
Eu sorption, much like Cs, is governed by a mixture of surface
complexation and ionic strength. Compared with Cs, however, the
complexity of its sorption behavior is increased by the formation of
hydrolyzed species. Eu sorption was modelled by considering three
surface complexation species: = SOEu?*,= SOEu(OH)*, = SOEu(OH),,
and one ion-exchange species EuX3. The other species considered was a
weak surface complex (= SOHEu™"), but it had a negligible contribution
to the model fitting and thus was later excluded from the modeling. The
data fitting results for the case of 0.001 M NaClO4 at and are shown in
Fig. 8c (40 °C) and 8d (60 °C) respectively. The results for 0.01 and 0.1
M NaClO4 can be found in Appendix B. The data for 40 °C (Fig. 8c)
indicate that at a pH of approximately 5, the sorption is dominated by
the ion-exchange species EuX3;. However, when the pH increases, the
europium uptake is chiefly governed by surface complexation species =
SOEu?** and = SOEu(OH)". This phenomenon is probably related to the
pKq2 value of approximately 7 for biotite. At 60 °C (Fig. 8d), the



P. Kumar et al.

Journal of Contaminant Hydrology 273 (2025) 104593

25

10 20 4
= 8 D 15
Eo E
& & 10

4

2

0 T T

5.0 55 6.0 6.5 7.0 75 8.0 8.5 2.0
° £l
E E
& &
2.0

Fig. 7. Experimental (symbols) and modeling (continuous lines) results for cobalt sorption onto biotite mineral at 40 °C (a) and 60 °C (b) in 0.001 M (black symbols
and lines), 0.01 M (yellow symbols and lines), 0.1 M (green symbols and lines) in NaClO4 solution. The contributions of different Co species to cobalt sorption at 40
°C (c) and 60 °C (d) for 0.001 M (black symbols and lines) NaClO, are represented by different curves: = SOCo" (blue dashed line) = SOCoOH (gold dashed line) and
= SOCo(OH), (red dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 7
Modelled surface complexation reactions and their associated constants (log k)
for Co at 40 and 60 °C at zero ionic strength.

Reaction log k (40 °C) log k (60 °C)
=S80~ + Co?" = =S0Co™" 56+0.4 6.4+0.4
=50 + Co(OH) "= = SOCoOH 8.0+0.7 83+1.0
=S0" + Co(OH),= = SOCo(OH), 5.740.6 6.7+1.3

= SOH + Co%** = = SOHCo**
Co?* + 2NaX=CoX, + 2Na*

Not significant*
Not significant*

Not significant”
Not significant*

" Inclusion did not improve the fitting of the model to sorption data.

modeling results suggest that for all three ionic strengths, at a pH of
approximately 6, the exchange species EuX3 is completely suppressed,
and sorption is dominated by surface complexation and especially by

= SOEu?*. Apparently, this surface complex is enhanced over the other
surface species by the increased temperature. The surface complexation
reactions that were used are listed in Table 8, along with their optimized
constants.

Similar to Cs, Ba, and Co, the surface complexation constant for Eu
was found to increase with temperature (Table 8), indicating a greater
tendency for Eu surface complexation species to form. The selectivity
coefficient for EuXs species was allowed to vary with ionic strength, as
shown in Table 8. Similar to what was found for the Ba exchange re-
action, the relatively large variation indicates that this parameter is not
independent of ionic strength, instead the coefficients shows an
increasing trend with ionic strength. The effect of temperature on the
coefficients is, on the other hand, negligible.
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Fig. 8. Experimental (symbols) and modeling (continuous lines) results for europium sorption onto biotite mineral at 40 °C (a) and 60 °C (b) in 0.001 M (black
symbols and lines), 0.01 M (yellow symbols and lines), 0.1 M (green symbols and lines) in NaClO4 solution. The contributions of different Eu species to europium
sorption at 40 °C (c) and 60 °C (d) for 0.001 M (black symbols and lines) NaClO,4 are represented by different curves:: EuXs (red dashed line), = SOEu** (blue dashed
line), = SOEu(OH)" (gold dashed line) and = SOFu(OH),. (magenta dashed line). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Table 8
Surface complexation and cation-exchange reactions and their associated con-
stants (log k) and exchange coefficients for Eu.

Reaction log k (40 °C) log k (60 °C)

=S80~ + Eu®'= = SOEu?*" 6.5+0.8 81+02

=SSO0 + 69+13 81+1.2
Eu(OH)** = = SOEu(OH)*

=S0™ + 56+1.2 66+1.2
Eu(OH); = = SOEu(OH),

Reaction/Ionic Strength log Kex log Kex log kex 0.1
at 40 °C 0.001 M 0.01 M M

Eu®* + 3NaX=EuX; + 3Na* -27 0.3 3.3

Reaction/Ionic Strength 0.001 M 0.01 M 0.1 M
at 60 °C

Eu®* + 3NaX=EuX; + 3Na* -29 -0.2 3.1

3.7. Modeling of thermodynamic parameters

Using the van’t Hoff formalism, the thermodynamic parameters of
enthalpy and entropy of reaction can be deduced by plotting the tem-
perature dependence of the reaction constant or coefficient ((log K) vs.
1/T) by using Eq. (10). All ion exchange coefficients were taken as
average values, even if some variation with ionic strength was found.
The plot of the log K values, obtained from previous sections of modeling
of the experimental R4 values at different temperatures, vs. 1/T was a
straight line with a gradient of —AH° /R and an intercept of AS° /R. Thus,
the enthalpy and entropy of the reactions were constant in the investi-
gated temperature range, as illustrated in Fig. 9. The dataset shown in
this figure is extended with the constants determined at 25 °C in another
work (Cs, Ba, Co, and Eu sorption onto biotite at pH 5-9 and at varying
ionic strength, submitted to J. Environ. Radioactiv.). Table 9 shows
AH’and AS° for the sorption reactions of all elements based on the ion-
exchange and surface complexation constants, as discussed above.
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The results in Table 9 show that both the enthalpy and entropy for
the cesium, barium, cobalt, and europium surface complexes are posi-
tive. The Gibbs free energy is negative, (K>1) implying that the surface
complexes are spontaneous reactions and entropy-driven, which can be
attributed to the formation of the inner sphere complex, where the hy-
dration shell of the adsorbing species is at least partially released. In
general, cations are very well solvated in water. In order to sorb these
ions on mineral surfaces, the dehydration of water molecules from the
cation is required. The enthalpy values calculated from the temperature-
dependent equilibrium constants (Table 9) for the sorption reaction are

Table 9
Thermodynamic parameters for the sorption of cesium, barium, cobalt, and
europium onto biotite.

Surface complex/ion-exchange species for

AHP (kJ mol 1) AS° (JK’lmol 1)

elements
Cesium
=S0Cs 38.1 164.8
CsX —18.6 -47.9
Barium
=SOBa* 20.9 111.6
= SOBaOH 12.4 117.6
BaX, —6.3 -17.2
XBaOH —46.1 —95.4
Cobalt
=S0Co™" 22.6 119.9
= SOCoOH 23.5 140.4
= SOCo(OH), 45.3 191.8
Europium
= SOEu*" 8.3 76.4
= SOEuOH" 43.0 195.6
= SOEu(OH), 32.2 150.9
EuX3 —9.6 —28.7
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Fig. 9. Van’t Hoff plots of the calculated surface complexation constants and ion-exchange coefficients for 134cg (a), 1334 (b), %0Co (¢) and 52Eu (d).
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endothermic (heat-adsorbing), which means that a significant quantity
of energy is necessary for the partial de-solvation of the cations during
the formation of the inner sphere complex. During this process, water
molecules are released from the hydration sphere, resulting in positive
entropy.

On the other hand, the enthalpy values for the exchange surface
species CsX, BaXy, XBaOH, and EuXj3 species were determined to —18.6,
—6.3, —46.1, and — 9.6 JK 'mol~!, respectively and consequently
exothermic (heat-releasing). The negative enthalpy values for CsX,
BaX,, XBaOH, and EuXs, which are in contrast with the positive
enthalpy values for the other surface complexes, as outlined above,
could be explained by the hypothesis that these species are indeed of the
ion-exchange type, which need minimal cation dehydration before
sorbing on the cation-exchange site of biotite and hence have a little
effect on entropy. Instead, the exchange is probably driven by the
exothermic replacement of Cs*, Ba?*, and Eu®" in solution by Na™,
which is a much better solvated cation than the other three cations. That
ion-exchange is mainly a solvation-promoted process rather than an
adsorption-promoted process have been demonstrated with combined
microcalorimetry and modeling studies by (Rotenberg et al., 2009).

4. Conclusions

A batch sorption experiment was conducted to investigate the
sorption of 134Cs, 133p,, 60Co, and '>%Eu in a mixture at trace concen-
trations on sodium-converted biotite. The experiment was conducted in
triplicates at pH 5-9 with background electrolytic solutions containing
0.001, 0.01, and 0.1 M NaClO4 at 40 and 60 °C. All elements were
considerably affected by the pH, but the ionic strength affected mainly
Cs and Ba and to some extent also Eu. The temperature-dependence
study showed that the sorption of Cs, Co, and Eu was influenced by
temperature; however, Ba sorption showed little dependence on tem-
perature. The modeling suggests that this behavior can be explained by
formation of both surface complexes and ion-exchange species. Surface
complexation shows a strong temperature dependency, while the effect
on ion exchange is comparatively low. The temperature dependencies of
the modelled reaction constants and coefficients can be used to verify
the type of binding to the surface. This ability represents a certain
advantage of this approach over spectroscopic methods that are used to
identify sorption mechanisms because the latter usually operate at much
higher sorbing element concentrations. The temperature variation
method, on the other hand, works under exactly the same conditions as
those under which the binding constants are determined. For the ion-
exchange species, a negative enthalpy was calculated, which shows
that these species may undergo sorption on the biotite surface via a
solvation process. The surface complexes, on the other hand, had posi-
tive enthalpy, which implies that the surface complexation reactions are
endothermic and entropically driven. The positive enthalpy of the
complexes may indicate that they undergo sorption onto the mineral
surface by shedding their hydration layer, forming an inner-sphere
complex.
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