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Abstract

The sorption behavior of radionuclides ??°Ra and ?*!Am onto biotite was investigated over a
pH range of 5 to 9 at room temperature, using pH-buffered solutions with NaClOa4
concentrations varying from 0.001 to 0.1 M. The study employed potentiometric titrations, and
batch sorption experiments using biotite suspensions. The results from the sorption experiment
were fitted by implementing the already available thermodynamic sorption model that involves
one amphoteric (2-pKa) surface complexation site and one cation exchange site.

Batch sorption experiments were conducted with 2?Ra and 2**Am at concentrations of [10¥M],
using crushed biotite particles (0.250-0.500 mm) at a solid-to-liquid ratio of 1:500. These
experiments were carried out under three different ionic strengths of NaClO4 (0.001, 0.01, and
0.1 M) and at five pH levels (5, 6, 7, 8, and 9) at room temperature (~25°C), within an inert
nitrogen atmosphere ([O2_22] <1 ppm) inside a glove box for one month.

For an ionic strength of 0.001 M, the sorption coefficients (Rq -value) after one month ranged
from 0.21 to 9.79 m3¥/kg for Ra and from 0.04 to 18.10 m3/kg for Am, across the pH range of 5
to 9. At an ionic strength of 0.01 M, the Rq -value were 0.08 to 3.79 m3/kg for Ra and 0.30 to
52.43 m¥/kg for Am. At the highest ionic strength of 0.1 M, the Rd values were 0.15 to 1.80
m?3/kg for Ra and 0.20 to 25.66 m3/kg for Am. The results showed that pH had a significant
effect on the sorption of both ?®Ra and 2**!Am. Furthermore, increasing ionic strength
decreased Ra sorption but did not affect Am sorption.

To fit the sorption data, the model accounted for biotite dissolution, which was adjusted to
match the final experimental results after one month. PHREEQC geochemical modeling
software, coupled with an optimization routine written in Python, was used to model the
sorption data. The model effectively described the sorption behavior of both radionuclides.

To determine the acidity constants (2 pKa), acidic site density (ASD), and cation exchange
capacity (CEC) of biotite, titrations were performed on a biotite suspension over a pH range of
approximately 3 to 11. The titration data was modeled using PHREEQC, integrated with an
error minimization routine. The results indicate that the protonation/deprotonation constants,
ASD and CEC of the biotite are pKa; = -4.940.1 and pKa; = -7.14+0.2 , 1.7+ 0.1 x 107>
mols/g and 2.6 + 0.4 x 10~> mols/g, respectively.
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1. Introduction

In the Swedish concept for storage of ultimate waste from the nuclear power production a deep
geological repository is planned in the Forsmark areas [1]. The repository will be built
following the KBS-3 concept [2], [3], [1], which incorporates a multi-barrier system.
According to which the spent nuclear fuel will be sealed in copper canisters. These canisters
will be placed 500 meters deep in the granitic rock formation and then surrounded by bentonite
clay. It is estimated that the currently operating nuclear facilities will generate around 12,000
tons of spent nuclear fuel, necessitating the placement of approximately 6,000 copper canisters
in the repository (ibid.).

In the event of a breach in a copper canister, groundwater would come into contact with the
spent fuel, causing it to dissolve. The dissolved radioactive material would then pass through
the bentonite layer, with the surrounding host rock serving as the final barrier to prevent further
radioactive migration into the biosphere [4], [5]. Therefore, understanding the radionuclide
retention properties of the bedrock matrix is crucial for ensuring the repository's safe operation.

The radionuclide sorption onto granitic rock has been thoroughly examined by SKB and the
Finnish company POSIVA. The outcomes are mostly presented as Kq values, or radionuclide
distribution coefficients [6], [7]. However, to gain a deeper understanding of the sorption
mechanisms, only limited research has modeled these condition-dependent empirical Rd-
values using condition-independent surface complexation models (SCM). These models are
more versatile because they can simulate the impact of factors such as groundwater
composition on sorption. Since SCMs are only applicable to pure mineral phases, each mineral
must be studied individually before being incorporated into a broader model. An example of
this approach is the Component Additive method [8], [9] where individual mineral SCMs are
combined to simulate radionuclide behavior within the complex solid phase of the rock.

The Forsmark site is predominantly composed of granodiorite, with feldspars like K-feldspar
and plagioclase making up the majority of the rock. Minor amounts of mica minerals, including
biotite and chlorite, are also present. Additionally, secondary minerals such as calcite and clays
are found within conductive fractures, primarily acting as fracture fillers [10], [11].Biotite was
selected as the initial material for study due to its potential role in radionuclide sorption.

Biotite is a mica subgroup of the phyllosilicate mineral group. Biotite, like all phyllosilicates,
consists of octahedral layers containing divalent cations, mainly Fe** and Mg**, and tetrahedral
layers composed of Si**, which are coordinated with oxygen or hydroxyl groups in a tetrahedral
arrangement. The structural configuration of mica follows a tetrahedral-octahedral-tetrahedral
(TOT) pattern, with interlayer cations of non-hydrated, K*, linking the TOT layers together.
The process of dissolving minerals can be started by exchanging the K* ions in the interlayer
with other hydrated cations that are less firmly bonded [12].

It has been reported in the literature that biotite has a strong radionuclide sorption capacity
[13], [14], [15], [16], [17]. The sorption mainly occurs through surface complexation at the
edge sites or ion-exchange, primarily on the basal planes, due to biotite's layered structure.
Various edge site types are assumed in the literature, including acidic (1-pKa) and/or



amphoteric (2-pKa) sites containing hydroxyl groups such as silanol and aluminol [18].
However, the Frayed Edge Sites (FES) in weathered biotite are identified as "activated™" edge
sites, with activation believed to occur when interlayer K* ions are replaced by hydrated ions.
However, it remains unclear whether FES alone are responsible for the enhanced cation uptake,
if they merely facilitate increased cation diffusion into the interlayer, or if they contribute to
both processes [19]. Conversely, hydroxyl edge sites have been considered as ion exchange
sites in certain modeling studies [20], [17], [21].

A recent literature review on surface complexation models (SCM) for biotite and other minerals
[22] identified the sorption isotherm as the most commonly used experimental method. In this
approach, pH was held constant while the concentration of the sorbing element was varied,
often using relatively high concentrations of radioactive elements. However, to prevent surface
characteristics from being altered by radionuclide adsorption, IUPAC recommends staying
well below the tracer concentration (10° M) when applying SCM to experimental data. For
developing a reliable model, SCM studies should ideally explore a broad range of solution
conditions, including pH, ionic strength, and temperature [23].

The analysis also highlighted the limited availability of datasets with systematic variations
across multiple solution conditions [22]. One study investigated the impact of varying ionic
strength while maintaining a constant pH for alkaline earth metals [21] Another study varied
the concentration of Ba(ll) while keeping ionic strength and pH fixed [24] . In both studies, a
three-site ion exchange model was applied to the data [21] [24]. In a separate study [25], Ra
sorption was examined using four different groundwater simulants with varying salinity levels
at a constant pH. The results were modeled using a multi-site surface complexation approach,
incorporating one surface complexation site (one strong and one weak) and one ion-exchange
site (the FES site).

Additionally, only two studies on Eu(l11) sorption onto biotite accounted for variations in both
pH and ionic strength. These studies used either a combination of one surface complexation
site and one ion exchange site [26] or a single ion exchange site [15].

In conclusion, the SCMs reported for biotite show considerable inconsistency in terms of
employed solution condition, which presents challenges for those seeking a reliable sorption
model applicable to diverse water conditions.

Therefore, the objectives of this study are as follows: 1) Conduct separate experiments to
characterize biotite in terms of specific surface area, cation exchange capacity, acidic site
density, and surface acidity; 2) Conduct sorption experiments using biotite and a few
representative elements and oxidation states, in this case Ra and Am, at concentrations well
below tracer levels (10® M), with a systematic variation of pH (5-9) and ionic strength
(0.001,0.01, and 0.1 M) at room temperature. 3) To use the PHREEQC geochemical modeling
software in conjunction with an optimization procedure for PYTHON programming to derive
the SCM constants in order to model the measured Rd values.



2. Material and methods

2.1 Biotite sample preparation and its specific surface area
measurement

The biotite sample used for the present study was obtained from Risor, Norway. The
composition is  Ki.05(Mgo.70MnoosTio.1sFe(I1)1.s1Fe(l11)o.25)Al128Si262010(0OH)2,  with  the
specimen’s purity determined to be over 99% in the same study [27]. The density of the biotite
was previously reported as 3.10 kg/m3 [28].

Due to the difficulty of crushing the mineral using a mortar and pestle, a steel-bladed blender
(M20, IKA) was employed. The resulting crushed mineral was subsequently sieved into two
particle size fractions using a sieve shaker (AS200, Retsch) equipped with stainless steel test
sieves (200mm, 1ISO3310-1, Retsch). The 0.25-0.5 mm fraction was predominantly employed
for batch sorption experiments, whereas the 0.063-0.125 mm fraction was designated for acidic
site density measurements. The sieving process involved shaking at high amplitude for 20 to
30 minutes, followed by shaking at a lower amplitude for one hour. To remove ultrafine
particles, 95% ethanol was used to wash the crushed biotite several times. Once the coarse
particles settled, the clarity of the ethanol supernatant confirmed the successful removal of
ultrafine particles. After drying the samples in a vacuum chamber for several days, biotite
samples were collected in triplicate in order to measure its specific surface area (SSA). SSA
for both size fractions were determined using a Kr gas adsorption apparatus (ASAP2020,
Micromeritics) and analyzed via the BET isotherm method [29].

2.2 Mineral Characterization

Biotite specimens were previously characterized in terms of specific surface area (SSA), acidic
site density (ASD), and cation-exchange capacity (CEC) (Kumar et al., submitted article). The
experimentally obtained SSA, ASD, and CEC were determined to be 0.47 +0.01 m%g, 3.3 +
0.6 x 107® mol/gand 1.0 + 0.1 x 10~ mol/g, respectively.

2.3 Biotite conditioning for batch sorption experiments

Before conducting the titration and batch sorption experiment, the biotite was first converted
to monocationic form (Na'-form). This was done by adding 5 ml of NaClO4 (Merck, 98%)
solution 0.1 M, 0.01 M, and 0.001 M ionic strength with 0.01 g of biotite in 10 ml
polypropylene tubes. The samples were conditioned for 1.5 months, during which the
electrolyte solutions were changed three times. After each conditioning phase, the
exchangeable cations in the solutions were analyzed using an ICP-OES (Thermo iCAP Pro XP
Duo). The instrument was calibrated with Na, K, Ca, and Mg standard solutions before each
analysis.



2.4 Batch sorption experiments

The sorption of °Ra and 2**Am on Na-converted biotite was assessed using NaClOs (Merck,
98%) electrolyte solutions at concentrations of 0.001 M and 0.01 M. To buffer these solutions,
1,4-Diethylpiperazine (DEPP, Alfa Aesar, 98%) was used for pH 5 and 9, 2-(N-
Morpholino)ethanesulfonic acid (MES, Sigma-Aldrich, 99%) for pH 7, and 1,4-Piperazine-bis-
(propanesulfonic acid) (PIPPS, Merck, 98%) for pH 8. These organic buffers were selected due
to their resistance to forming metal complexes, making them suitable for this type of study
[30].

A glass electrode and pH meter (pHC3006-9, PHM240, Radiometer) were used to measure pH,
with adjustments made using aliquots of 0.1 M NaOH or HCIO4. Buffer concentrations were
set at 5 mM for the 0.1 M and 0.01 M NaClO;4 solutions, and 0.5 mM for the 0.001 M solution.
To achieve concentrations of less than 10 M for both elements, the solutions were spiked with
a mixture of acidic ?*Ra (RaCl in 0.0091 M HCI) and ?**!Am (RaCls in 0.5 M HCI). All
mixtures contained 10 pg/mL of carrier (Eckert & Ziegler). After spiking, the pH was
readjusted using 0.1 M NaOH or HCIOa.

The fifteen spiked buffered solutions, covering five pH levels and three ionic strengths, were
left to degas for several days in the glovebox antechamber. For the batch experiments, 0.1 g of
Na-converted biotite was added to 10 ml polypropylene centrifuge tubes (Oak Ridge type 3119-
0010, Thermo Scientific), which was pre-washed with acid. The samples were then centrifuged
at 45,000g (Avanti J26S XP, Beckman Coulter). After approximately one month of
equilibration in 5 ml of 0.001 M, 0.01 M, or 0.1 M neutral NaClOs solutions, the supernatants
were removed. The tubes were subsequently transferred to a glovebox ([O2] <1 ppm, UNILab,
MBraun) to minimize carbonate complex formation.

In each sample, 5 mL of the radioactive pH-buffered electrolyte solution was added to maintain
a 1:50 solid-to-liquid ratio. In total, 45 samples were prepared in triplicate. Additionally, 15
blank samples were prepared to evaluate radionuclide sorption onto the tube walls. Two
acidified reference samples were made for each radioactive solution, in order to determine the
average reference radioactivity concentration at each pH.

The sorption experiment was conducted over approximately one month at a temperature of 22-
25°C. Samples were collected on days 4, 8, 14, and 30. Prior to every sample, the tubes were
centrifuged for 30 minutes at 45000g. An aliquot of 0.1 ml (2% of the total volume) was
collected from the supernatant added with 0.4 ml of 0.1 M HCI solution, with the exception of
the final sample, where 0.5 ml was taken without any acid addition. Using an HPGe detector
(GEM23195 detector, 2002C preamp, DSA2000 MCA, GammaAnalyst sample changer, and
Genie2000 v.3.4.1 software, Canberra/Mirion), the gamma activity of the radionuclides in the
aqueous phase was monitored for three hours.

The wall sorption-corrected distribution coefficient R¢ (m®kg) on biotite for radioactivity-
based radionuclides was determined using the subsequent two formulas, which were derived
from a deduction presented in [31]:
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In (Eq.4), Vref (L) is the volume of the radioactive solution added initially, Vout,n (L) and
Aout,n (cpm) are the volume and measured activity of sample n of the one to n successive
samples, and C(cpm/L) is the average measured reference concentration obtained from the
acidic references. The batch's initial liquid volume, or VO(L), comprises Vref and any leftover
liquid from the preconditioning. The mass of the material in the sorption experiment is
represented by m(g), and the factor correcting for wall sorption is Ld (L), which is measured
in a separate blank series of batch tests. The two summation terms in (Eq.1) are derived from
an overall mass balance and serve to offset the radioactivity and volumes removed in the
subsequent samplings.

Essentially the same formula is used to determine the wall sorption factor Lq. however, since
the mass involved in wall sorption is unknown, the wall sorption factor Lq (m?®) is a volume
and can be evaluate as:

_ C'Vref'vout,n n-1 Vout,n'zp=_11Aout,1 —
Ra,wall * Myan = <— — (Vo = 215! Voui) — . = Lqg (Eq.2)

Aout,n Aout,n

2.5 Modelling Methods

Thermodynamic Sorption Models (TSMs), also known as Surface Complexation Models
(SCMs), are complex and require multiple datasets depending on the model's complexity. Some
datasets can be obtained through experiments such as cation exchange capacity (CEC), tritium
exchange experiments and Brunauer-Emmett-Teller (BET) analysis. However, the remaining
parameters are generally determined by fitting the titration and sorption experimental data. The
data obtained from titration provides information on key parameters such as mineral’s acidity
constants and surface site density. On the other hand, sorption data provides information on the
reaction constants occurring on the surface site.

In order to gather this information, a conceptual model of biotite, shown in Fig.1, was employed
for the modeling of the sorption and titration data.

The structure of biotite and the evidence from sorption data in the literature support this
conceptual model, which states that in order to explain the estimated sorption data, there should
be at least one cation exchange site (X) and one acidic or amphoteric surface complexation site
(=SO) [22]. The exchange sites exist on the basal planes and the surface complexation sites
are present on the edge of the biotite structure as shown in Fig. 1.
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Figure.1. Conceptual model of biotite

Typically, the exchange sites are created by the isomorphic substitution of lattice elements.
This type of sorption mechanism is generally not affected by pH, except at low pH levels and
the uptake of radionuclide governed by the permanently charged planar sites [32] [33]. A
general structure of a cation exchange reaction in which a metal M of valency Zy,; exchanging
with A of valency N, on the mineral surface (X) can be written as:

N,A—X+ Z,M o Z,M — X + N,A (Eq.3)

The selectivity co-efficient K. defined for these reactions based on Gaines-Thomas convention
[1] can be written as:

BZa YA[A]Na (Eq.4)

Where, [A]and [M] is the initial electrolyte and tracer concentration(mol/L); Y4 and YMis the
activity co-efficient of the cations present in the solution determined from Davies equation
(L/mol), respectively; and B, and By are the equivalent fraction occupancies of A (or M)
sorbed per unit mass divided by CEC (eq/kg).

However, the sorption due to surface complexation is generally affected by the protonation and
deprotonation of amphoteric surface hydroxyl groups (= SOH). These groups are located as a
broken bonds and edge sites [34] [35] [36] on the mineral surface and are mainly influenced
by changes in pH values.

The initial objective was to find out which speciation of metal is most suitable for surface
reactions in the experimental pH range. This information was used as a reference to select an
appropriate surface chemical reaction. Thus, for non-hydrolyzed and hydrolyzed metal M with
valency n on the amphoteric surface site in the pH range where metal M is present as a free
aqueous species, the general sorption reaction can be stated as follows:



= SOH + M" ==SOM®™ D + H* (Eq.5)
= SOH + M™ + zH,0 = = SOM(OH)"" ™™ + zH* (Eq.6)
The surface complexation constants for these reaction without considering the electrostatic
effect can be written as:

[= SOM®~D]{H*}
[= SOH]{M"} (Ea.7)

KMH =

[= SOM(OH)" P J{H*}
[= SOH]{M"} (Ea8)

KMH =

The titration data was modelled by including the following reactions:

NaX + H* & HX + Na* (R.1)
=SOH = =SI0~ + H* (R.2)
=SOH, ==SOH + H* (R.3)
=SS0~ + Na* = =SONa (R.4)
= SOH + Na* = SOHNa* (R.5)

Each of the following reactions is taken into consideration, ion-exchange between protons and
the electrolyte's cation on basal planes (R.1); deprotonation of the edge surface (R.2 and 3);
and a strong (R.4) and weak (R.5) surface complex with the cation, in this case from the
electrolyte. The corresponding selectivity coefficient for ion exchange Knax is defined by
_ [HX]{Na*}
Kyax = Nax] () (Eq. 9)

The surface protonation constant Kaz and Kaz for reaction R.2 and R.3 can be defined as:

_ [=SOH]{H*}

Ka1 = =508, (Eq. 10)
=SO~|{H*}
Kap = =i (Eq. 11)

The surface complexation constants for Na* sorption reactions (R.4) and (R.5) are

_ [=SONa]
Ksona = [=SOH|(Na*} (Eq. 12)



__ [=SOHNat]

Ksonna = [=SOH|(Na*} (Eq. 13)

where the symbol [] indicates that the concentration is given in units of mol/L.

A non-electrostatic model was implemented to fit the distribution coefficients (Rq — values).
The parameters such as site density, CEC, selectivity co-efficient, proteolysis constants, and
Na* surface complexation constant were fixed, as shown in Table 1. The constant for the
assumed reactions is the optimized parameters. It is important to note that PHREEQC treats
these values as valid at zero ionic strength and adjusts the activity coefficients for all dissolved
species according to the specified ionic strength. Additionally, the formation of hydroxide
complexes Ra and Am had to be considered in the modeling. The incorporated hydroxide
complexes for Ra and Am are listed in Table 2 below.

Table 1: Thermodynamic data of aqueous hydroxide complexes of Ra and Am used in sorption modeling for zero ionic
strenght.

Reaction log_p
Ra’** + H,0 = Ra(OH)" + H* 0.512
Am3* + H,0 = Am(OH)?* + H* 6.8
Am3* + 2H,0 = Am(OH)} + 2H* 12.9°
Am3* + 3H,0 = Am(OH)} + 3H* 15.8°

3PHREEQC database ThermoChimi,  [37]

The literature did not provide a solubility product for biotite. Therefore, annite, an end member
of the same mica solid solution series as biotite, was used as a substitute and kept in equilibrium
with the solution to simulate any dissolution effects that might have occurred from biotite. The
sorption data were modeled using the MINTEQ thermodynamic database integrated with
PHREEQC.

The model was implemented by combining the PHREEQC version 3 geochemical modeling
software [38] with the PYTHON optimization programming routine through a specialized code
created by [39] named Iphreeqc.Com. This code, known as Iphreeqc, is a Microsoft COM
(component object model) version of PHREEQC that enables seamless communication and
data transfer between PHREEQC and other programming languages and softwares such as
MATLAB, PYTHON, and Visual Basic

3. Results and Discussion

3.1. Conditioning results

After conditioning of biotite with 0.1 M, 0.01 M, and 0.001 M NaClOg4 for use in titration and
sorption experiments, the K* amount was steadily decreased in the solution, giving a biotite
that was 80% converted from K to Na form for 0.1 M and 0.01 M. However, in the case of
0.001 M NaClOQg, the conversion was only 31%.

3.2. Titration results

The optimized reaction constants are in Table 2. The complete explanation about the titration
outcomes has been provided in our previous work (kumar et al.,2024 submitted article).



Table 2. Optimized reaction coefficients/constants in 0.01 M NaClO, for biotite with optimized Cation Exchange
Capacity and Acidic Site Density.

Surface complexation reactions Constants (log_K)
= SOH, = = SOH +H* —-49+0.1
=SOH == S0~ + H* —-7.140.2

= SOH + Na* = =SONa+ H* 1.6 £0.1

= SOH + Na® = = SOHNa® 0.5+0.1
Cation exchange reaction Coefficient (log_K)
Na—X+ H* 2= H—X+ Na* 3.0 +£0.2
Total site capacities Site densities (mol/g)
Acidic Site density (optimized) 1.7+ 0.1 x 107°
Cation Exchange Capacity (optimized) 26+04 x107°

3.3. Batch sorption results

3.3.1. Results for Ra sorption on biotite

Figure 2 presents the time-dependent results of Ra(ll) sorption on biotite in a 0.001 M NaClO4
solution, exhibiting behavior similar to Ba(ll) as reported in our earlier study (Kumar et al.,
2024, submitted article). Like Ba(ll), the Ra(ll) sorption gradually increased over the first 15
days, followed by an apparent equilibrium. A complete set of time-dependent apparent Rq -
values for Ra sorption on biotite is provided in Table 1, 2, 3 of Appendix A.
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Figure 2. Measured Ravalues for Ra(ll) sorption onto biotite in 0.007 M NaClO4versus time.

Figure 3 presents both the experimental and modeling results for Ra sorption onto biotite as a
function of pH (ranging from 5 to 9) and ionic strength (0.001M, 0.01M, and 0.1M). The
findings demonstrate that both pH and ionic strength significantly influence Ra sorption.
Between pH 5 and pH 8, Rg-values steadily increase at ionic strengths of 0.01M and 0.1M. A
sharp rise in Ra sorption is observed between pH 8 and pH 9, likely due to the formation of
barium hydroxyl species, Fig. 3. These results are consistent with our previous work on Cs, Ba,



Co, and Eu sorption onto biotite (Kumar et al., 2024, submitted article) which supports the
conclusion that Ra behaves analogously to Ba, with both exhibiting similar sorption patterns.

However, a slight discrepancy was observed between the Rd values of these two alkaline earth
metals: across all ionic strengths and pH levels, Ra sorption on biotite was consistently higher
than that of Ba. Similar findings were reported by [21] in their study on the sorption of alkaline
earth metals onto biotite, where Ra exhibited higher Rd values compared to Ba. However, their
macroscopic study did not offer an explanation for the difference in Rd values between Ra and
Ba. The only notable factor is that Ra has a lower hydration energy, and a larger ionic radius
(152 A) compared to Ba (135 A) [40], which likely accounts for Ra's higher sorption relative
to Ba.
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Figure 3. Experimental (points) and Modelling (line) for Ra sorption on biotite in 0.001 M, 0.01 M, and 0.1 M NaClO4
solutions.

As illustrated in Fig. 4 (a, b, and c), the radium sorption data was modeled using two cation
exchange surface species (RaX: and RaOHX) and three surface complexes (=SORa*,
=SORaOH, and =SOHRa?") similar to the approach used for Ba in our previous work (Kumar
et al., 2024). Although the =SOHRa?* surface complex was initially part of the model, it was
later removed as it did not improve the fit. The model results indicate that at a background
electrolyte concentration of 0.001 M from pH 5 to 9, Ra sorption is primarily governed by ion
exchange (RaXz) from pH 5 to 9, with some contribution from the =SORa* surface complex.
However, at higher pH levels (8 to 9), both RaOHX and =SORaOH surface species also appear
to play a role in Ra sorption.

Additionally, the modeling indicates that as the ionic strength increases from 0.001 M to 0.1
M, surface complexation becomes the dominant sorption mechanism, as depicted in Fig. 4 (a,
b, ¢). The relevant reactions and their constants are provided in Table 3.
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Figure 4. Experimental (symbol) and modelling (continuous line) results for Ra sorption onto biotite in (a) 0.001 M, (b)
0.01 Mand (c) 0.1 M NaClO4 solution at 25 °C. The contribution of different Ra(ll) species in its sorption is represented
by different curves:(A: Yellow line) RaXz; (B: Blue line) =SORa*; (C: Green line) ) =SORaOH; (D: Black line) XRaOH



Table 3: Surface complexation and cation exchange reactions and their associated constants at zero ionic strength (log_k°) for
Ra. Selectivity coefficients are for the specified ionic strength

Reactions log k°® (25 °C)
= SO~ + Ra?* & = SORa™* 54 +0.2
= S0~ + Ra(OH)* & = SORaOH 9.4 +0.5
= SOH + Ra?* & = SOHRa?* Not significant*
NaX + RaOH* & RaOHX + Na* 7.1 £0.6
Reaction/lonic Strength at 25 °C log k (0.001 M) log k (0.01 M) log k (0.1 M)
Ra?* + 2RaX © RaX, + 2Na* -0.1 1.0 2.4

*Inclusion of this species gave no improvement of error sum

3.3.2 Results for Am sorption onto biotite

Figure 5 presents the time-dependent results for americium (Am) sorption onto biotite. It was
observed that Am(I11) sorption stabilizes after 15 days, reaching equilibrium around day 30,
except at the lowest pH of 5, where a slight decrease in Rd values is likely due to biotite
dissolution. A complete set of time-dependent apparent Rq values for Am sorption onto biotite
is provided in Tables 4, 5, 6 of Appendix A.
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Figure 5. Measured Rqvalues for Am(lll) sorption onto biotite in 0.007 M NaClO4versus time.

The experimental and modeling results for Am(l11), shown in Fig. 6, indicate that americium
behaves similarly to europium as observed in our previous study on Cs, Ba, Co, and Eu sorption
onto biotite (Kumar et al 2024, submitted article). This can be due their comparable electronic
configurations (Am: [Rn] 5f 7s? and Eu: [Xe] 4f’ 6s?) and similar ionic radii (Am** = 98 nm,
Eu®* = 94.7 nm). Like Eu, the experimental results suggest that Am sorption was found to be
highly pH-dependent, with no significant influence of ionic strength Fig. 6. The data shows
that across all ionic strengths (0.001 M, 0.01 M, and 0.1 M), Am sorption increased sharply
between pH 5 and 6, followed by a gradual decrease as pH rose to 9, likely due to the formation
of aqueous hydroxide complexes.



Additionally, the experimental results indicate that the Rq values for Am are roughly 2.5 times
higher (Rq = 52.3 m%/kg) than those for Eu (18.5 m3/kg) (Kumar et al., 2024, submitted article)
across all pH levels. Similarly, in another study [41] on Am sorption onto biotite, the reported
Rd value was comparable to this work around 10-30 m3/kg at pH 6-7.
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Figure 6. Experimental (points) and Modelling (line) for Am(lll) sorption on biotite in 0.001 M, 0.01 M, and 0.1 M NaClO4
solutions.

Figure 7 demonstrates that Am, similar to Eu, forms various hydrolysis products within the pH
range of 5-9. Below pH 7.5, Eu®" is the dominant species. However, at pH levels above 7.5,
Eu®* undergoes hydrolysis, resulting in the formation of AmOH?* and Am(OH)7 aqueous
species. Thus, in the pH range of 5-9 these species must be considered during the optimization
process.
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Figure 7. The aqueous speciation curve of Am as a function of pH

The Am sorption onto biotite was successfully modeled by accounting three surface
complexation species: = SOAm?**,= SOAm(0OH)*, = SOAm(OH),, as well as one ion-



exchange species, AmXs, across all three NaClO. concentrations (0.001 M, 0.01 M, and 0.1
M). Other potential species, such as =SOAM(OH)3” and =SOHAmM** were found to contribute
insignificantly to Am sorption and were therefore excluded from the model.

The model results, illustrated in Figure 8 (a, b, and c), indicate that at all ionic strengths (0.001
M, 0.01 M, and 0.1 M), Am sorption is primarily dominated by ion exchange (AmX3) in the
pH range ~6 to 7. At pH ~7, there was some contribution from the =SOAm?** species was seen.
However, at higher pH values (>8), Am sorption was mainly controlled by the hydroxylated
species, = SOAm(OH), and = SOAm(OH)*. The reactions used in the model, along with the
corresponding surface complexation and cation exchange constants, are provided in Table 4.
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Figure 8. Am sorption experimental (symbol) and modelling (continuous line) results on biotite (a) 0.001 M, (b)
0.01 M and (c) 0.1 M NaClO4 NaClO solution at 25 °C . The contribution of different Am(lll) species in its sorption
is represented by different curves: (A: blue line)= SOAm,?*; (B: yellow line) = SOAm(0OH)*; (C: green line) AmX;;
(D: black line). = SOAm(OH),

Table 4: Surface complexation and cation exchange reactions and their associated constants at zero ionic strength (log_k®) for
Am. Selectivity coefficients are for the specified ionic strength

Reactions log k° (25 °C)
=S50~ + Am3* o = SOAm?* 6.1+0.2
=S0~ + Am(OH)** & = SOAm(OH)* 6.4+ 0.7
= S0~ + Am(OH); < = SOAm(OH), 6.2 + 0.4
= SOH + Am3* + 3H,0 &= SOAM(OH)3 + 4H™ Insignificant*
= SOH + Am3* o= SOHAm3* Insignificant*
|
Reaction/lonic Strength at 25 °C 0.001 M 0.01 M 0.1M
Am3* + 3NaX & AmX3 + 3Na* log k=-2.4 log_ k=1.1 log_k = 4.0

*Inclusion of this species gave no improvement of error sum



5. Conclusions

The sorption of Ra and Am onto biotite was studied across three different background
electrolyte concentrations (0.001M, 0.01M, and 0.1M) and a pH range of 5 to 9, under room
temperature conditions in an inert nitrogen environment inside a glove box. Experimental
results indicated that the sorption of both cations is strongly pH-dependent. However, Ra
showed significant sensitivity to ionic strength, unlike Am, which exhibited no such
dependency.

Comparing the Rq - values of Ra?>* and Am*" with those of Ba?>* and Eu*" from a previous study
on Cs, Ba, Co, and Eu sorption onto biotite revealed a similar sorption trend between the cation
pairs. However, Ra** and Am*" exhibited distribution coefficients nearly two to three times
higher than Ba** and Eu?*, suggesting that using Ra** and Am?*" as analogs for Ba** and Eu**
might underestimate the actual sorption of Ra and Am.

The sorption data for these two cations was successfully modeled using a 2-pKa, non-
electrostatic, single-site type model. This model assumes one surface complexation site
(presumably located on the biotite edges) and one cation exchange site (likely located on the
mineral's basal plane).

The decrease in Ra sorption with increasing ionic strength, attributed to competition from H*
and Na' ions, indicates that cation exchange is the dominant mechanism controlling Ra
sorption, with surface complexation becoming significant at pH levels above 6. In contrast, for
Am sorption, the model required a combination of surface complexation, including the sorption
of hydrolyzed species, along with cation exchange to accurately capture its interaction with
biotite.

The titration and batch sorption data were successfully modeled using the PHREEQC
geochemical software, coupled with an optimization routine written in Python. This process
yielded a distinct set of surface complexation constants and cation selectivity coefficients for
both Ra and Am.
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