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Abstract 6 

Sorption of Se(IV) and Se(VI) species onto Mg-rich biotite (phlogopite) and calcite surfaces was 7 

investigated using molecular modelling techniques. A CASTEP code implemented into Materials 8 

Studio was used to calculate the periodic systems, site densities and site types on the phlogopite 9 

and calcite surfaces. According to the results, the Se oxyanions attach to both edge and basal 10 

surfaces of phlogopite via an oxygen atom. However, calculated sorption energies indicate that 11 

surface complexation reactions via hydrogen bonding happen on the edge surfaces of phlogopite 12 

while cation exchange reactions happen on the basal surfaces of phlogopite. These reactions occur 13 

on the so-called weak sites according to the PHREEQC modelling. On the calcite surface, only 14 

cation exchange reactions are possible, and only for neutral Se species which do not occur in low 15 

saline groundwater conditions with pH 8-10. Biotite which is an abundant mineral in crystalline 16 

rock works fairly well as a sorbent but calcite which often exists on fracture surfaces of bedrock 17 

does not act as a sorbent for Se species. 18 
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1. Introduction 20 

In Finland and Sweden, the final disposal of spent nuclear fuel is considered to take place in deep 21 

geological repositories surrounded by bedrock according to the KBS-3 multiple barrier concept in 22 



stable granitic-type rock formations (Geier et al., 2012; Posiva Oy, 2012). This repository system 23 

has been designed to isolate the harmful radionuclides and to prevent their migration into the 24 

groundwater system in the case of a release of radionuclides from the repository (Poteri et al., 25 

2014). Once released, the migration of the radionuclides in flowing groundwater will be delayed 26 

by two processes, diffusion into the rock matrix and sorption onto fracture and mineral surfaces 27 

(Ewing, 2015; Grisak and Pickens, 1980; Neretnieks, 1980; Séby et al., 1998). 28 

One of the crucial radionuclides that might be released from the repository is Se-79 which has a 29 

long half-life of around 3.7×105 years. Therefore, it has a high impact on the cumulative 30 

radioactive dose in a nuclear waste repository (Atwood, 2010; Lehto and Hou, 2011). Furthermore, 31 

it has complicated redox chemistry and high mobility in groundwater, which makes it one of the 32 

radionuclides that is of great concern for the long-term safety of radioactive waste repository 33 

(Ikonen et al., 2016b; Li et al., 2018; Yang et al., 2018). Concerning the selenium species, selenate 34 

(SeO4
2-) or Se(VI) is the most soluble and mobile species, whereas selenite (SeO3

2-) can be slightly 35 

sorbed to oxide surfaces, and neutral Se0 is immobile under anoxic conditions (Boult et al., 1998; 36 

Duc et al., 2003; Lehto and Hou, 2011). 37 

Selenate dominates the selenium species under oxic conditions in natural waters (Lehto and Hou, 38 

2011). Sorption of selenate onto mineral surfaces usually occurs as a weakly-bounded outer sphere 39 

mechanism where no direct chemical bonding exists (De Cannière et al., 2010), and the distribution 40 

coefficient (Kd) of selenium is much lower than strongly sorbing radionuclides found in spent 41 

nuclear fuel like caesium (Muuri et al., 2017; Söderlund et al., 2016; Tsai et al., 2009), barium 42 

(Muuri, 2015) and strontium (Eikenberg et al., 1994; Vilks and Degueldre, 1991). Under anoxic 43 

conditions i.e. lower redox potentials, selenium is found to be in oxidation state +IV, and the 44 

dominant species is biselenite (HSeO3
-) in the potential range of 200 – 400 mV at pH 7, and selenite 45 



(SeO3
2-) in the range of 100 – 300 mV at pH 9 (Lehto and Hou, 2011). The sorption mechanism 46 

of these species was found to be inner sphere complexation where a direct chemical bond is formed 47 

between an oxygen atom from the oxyanion and a structural surface metal atom (Martínez et al., 48 

2006; Missana et al., 2009b). Sorption of HSeO3
- is more favourable than that of SeO3

2-, because 49 

the loss of water during the reaction with HSeO3
- is energetically easier than the expulsion of a 50 

hydroxyl group from the surface in the reaction of SeO3
2- (Hayes et al., 1987). This reaction 51 

mechanism is analogue to the nucleophilic SN2-i substitution reaction detected in organic 52 

chemistry (Chubar et al., 2005). 53 

Olkiluoto has been selected as the final disposal site for nuclear waste repository in Finland. 54 

Biotite, the Mg-endmember of which is phlogopite, is a common mineral in gneisses and other 55 

bedrock types found in Olkiluoto site. Calcite, on the other hand, is a typical fracture filling and 56 

coating mineral found in Olkiluoto site (Aaltonen et al., 2016). Biotite is also one of the main 57 

minerals of the granodiorite in the Grimsel Test Site in Switzerland where post-metamorphic 58 

reginal uplift is still ongoing (Möri et al., 2003; Tachi et al., 2015) and calcite is a typical mineral 59 

in the metamorphic rocks, and it is also a general filling material in joints. Extensive studies have 60 

been performed under both in-situ and laboratory conditions with rocks containing these two 61 

minerals (Ikonen et al., 2016b, 2016a; Jokelainen et al., 2013; Soler et al., 2015). However, there 62 

is still little information about the sorption sites of these two minerals nor the mechanisms of 63 

selenium sorption when interpreting the experimental sorption results. The sorption of selenium 64 

species on biotite or calcite was normally ascribed to a surface complexation mechanism involving 65 

two types of surface hydroxyl groups, the strong sorption sites (≡SSOH) and weak sorption sites 66 

(≡SWOH) (Ervanne et al., 2016; Li et al., 2018; Missana et al., 2009a). Moreover, it is crucial to 67 



explore the sorption mechanism of selenium species onto these two minerals on the molecular 68 

scale by molecular modelling methods, for example, based on Density Function Theory (DFT). 69 

In order to obtain  molecular level information about the reaction mechanisms, it is possible to 70 

utilise quantum mechanic (QM) techniques for molecular modelling. Those have been widely used 71 

to estimate chemical reactions, properties of solid materials, and adsorption behaviour of 72 

molecules on solid surfaces. Nowadays, rather complex cluster or periodic model systems can be 73 

calculated, which enables e.g. clay-cation (Ren et al., 2012; Tribe et al., 2012) and even clay-74 

cation-water (Seppälä et al., 2016 and 2017) interaction studies. Typically, molecular modelling 75 

has been applied in connection with surface characterization like X-ray photoelectron spectroscopy 76 

(Ebina et al., 1999) and extended X-ray absorption fine structure (Hattori et al., 2009). Also, 77 

relation between QM and surface complexation modelling (SCM) has been formulated 78 

(Wesolowski et al., 2009). 79 

In the present study, QM and SCM were used in connection with the titration and sorption 80 

experiments to clarify the sorption mechanisms of Se(IV) and Se(VI) species onto phlogopite and 81 

calcite at the molecular level. The role of basal and edge surface sites of the minerals was taken 82 

into account in the sorption geometry and energy studies. The results of molecular modelling, 83 

namely the amount of weak sorption sites, were used for PHREEQC modelling on sorption 84 

isotherms of Se(IV) on phlogopite. The combined results assist to understand the chemical 85 

processes affecting the migration of selenium in the bedrock. 86 

2. Materials and methods 87 

Two types of sorbent materials, biotite and calcite, were investigated in this study. Biotite is a 88 

common phyllosilicate mineral with the approximate chemical formula, 89 



K(Mg,Fe)3AlSi3O10(OH,F)2. It has a prismatic and sheet-like structure, where the negatively 90 

charged layers are connected to each other by potassium cation layers. Phlogopite is the Mg-91 

endmember of biotite with the general chemical formula KMg3AlSi3O10(F,OH)2 where all the iron 92 

ions have been substituted by Mg (Figure 1a). Calcite (CaCO3) has a hexagonal layered structure 93 

where calcium ions are located between the carbonate layers (Figure 1b). 94 

The molecular modelling methods based on density functional theory (DFT) were used to 95 

investigate the crystalline and surface structures of phlogopite and calcite, and the sorption of 96 

selenium species onto these mineral surfaces. In the case of phlogopite, both the basal (001) and 97 

edge (110) surfaces were considered, because different types of sorption sites are believed to exist 98 

on these surfaces (Kyllönen et al., 2014), while in the case of calcite, the (104) surface was 99 

considered because of the homogeneity of its structure. 100 

The calculations were performed with the CASTEP (CAmbridge Serial Total Energy Package) by 101 

Clark et al. (2009) code implemented into Materials Studio versions 8.0. CASTEP is a full-featured 102 

materials modelling code based on a first-principles quantum mechanical description of electrons 103 

and nuclei, and it has been designed specifically for solid-state materials science. It employs the 104 

density functional theory plane-wave pseudopotential method, which allows to perform first-105 

principles quantum mechanics calculations that explore the properties of crystals and surfaces in 106 

materials such as semiconductors, ceramics, zeolites, metals, and minerals. Typical applications 107 

involve studies of surface chemistry, structural properties, band structure, density of states, and 108 

optical properties. 109 

The modelling is based on three-dimensional atomistic models and solving the total electronic 110 

energy and overall electronic density distribution in order to define energetically stable structures 111 

for minerals and sorbing species (Leach, 2001). In the present study, the exchange-correlation was 112 



described with generalized gradient approximation GGA-PBE. As a compromise between the 113 

accuracy and computational time of calculations, the ultrasoft pseudopotentials were used for each 114 

element. The potentials used were Al_00PBE.usp for aluminium, C_00PBE.usp for carbon, 115 

Ca_00PBE.usp for calcium, H_00PBE.usp for hydrogen, K_00PBE.usp for potassium, Mg_00.usp 116 

for magnesium, O_soft00.usp for oxygen, Se_00.usp for selenium, and Si_soft00.usp for silicon. 117 

The kinetic cut-off energy for a plane wave expansion of the wave function was 280 eV for calcite 118 

models, and 310 eV for phlogopite models. The cut-off values correspond fine quality for all the 119 

atoms, except for magnesium. 120 

 121 

Figure 1. The layered structure of a) phlogopite; H ‒ white, Na ‒ purple, O ‒ red, Si ‒ yellow, Mg 122 

‒ green and b) calcite; Al ‒ pink, C ‒ grey, Ca ‒ green. 123 
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a) b) 



3. Results 125 

3.1 Optimization of mineral structures 126 

The modelling studies start by optimizing the unit cell structures of minerals in order to validate 127 

modelling results with experimental ones. By this way, the description of the periodicity of the 128 

mineral bulk structures can be confirmed. The optimized crystal structures of phlogopite and 129 

calcite are shown in Figure 1. The lattice parameters of the energetically stable structure of 130 

phlogopite was calculated based on our earlier density functional calculations (Puhakka and Olin, 131 

2014) of biotite which has about twice the unit cell as phlogopite. The optimized lattice parameters 132 

of the unit cell of phlogopite are a = 520.2 pm, b = 905.1 pm, c = 1 036.4 pm, and c/a = 1.992, 133 

when the Si:Al ratio is 3:1. Phlogopite is composed of a sheet-like structure that consists of 134 

negatively and positively charged layers. The negatively charged layers consist of tetrahedral (T) 135 

and octahedral (O) sheets that stack together to form 2:1 (TOT) layers with a characteristic repeat 136 

distance between two layers (Velde and Meunier, 2008). These negatively charged layers are 137 

balanced by cations which are exchangeable to cations in the external solution. Especially, the 138 

cations located in the edge of the interlayer of the sheet structure are sensitive for cation exchange 139 

reactions. 140 

Calcite has also a layered structure where calcium ions are located between the carbonate layers. 141 

The optimized lattice parameters of the unit cell of calcite are a = b = 506.0 pm, c = 1 717.1 pm, 142 

and c/a = 3.393. 143 

The optimized crystal structures of phlogopite and calcite were utilized to generate optimized 144 

surface structures which are typical for each mineral. In the case of phlogopite, the interest was on 145 

both basal and edge surfaces. Thus, both the (001) surface which is a typical basal surface 146 



(terminated by potassium ions) and the (110) surface as an edge surface were studied in the DFT 147 

modelling for sorption of Se(IV) and Se(VI) on phlogopite surfaces. 148 

The size of the surface cell in simulation for the phlogopite (110) surface model was 2.16 nm2 149 

(2 072.7 pm × 1 043.2 pm). The total thickness of the surface model was 0.98 nm, of which the 150 

layer of 0.49 nm was allowed to relax during the optimizing of the surface structure. The surface 151 

was hydrated and the Si-O- and Al-O- groups were ended by protons (H+) in order to stabilize the 152 

surface structures. An empty void perpendicular to the surface was 0.8 nm. 153 

The size of the surface cell in simulation for the phlogopite (001) surface model was 0.94 nm2 154 

(1 040.4 pm × 905.1 pm). The total thickness of the surface model was 1.87 nm, of which the layer 155 

of 1.20 nm was allowed to relax during the optimizing of the surface structure. An empty void 156 

perpendicular to the surface was 1.0 nm. 157 

Calcite has three dominant surface structures, (10-2), (104) and (006). Of these surfaces, the (006) 158 

and (10-2) are terminated by calcium ions. On the (006) surface, the carbonate groups have planar 159 

orientation, and on the (10-2) surface, they are diagonal oriented groups. On the (104) surface, the 160 

carbonate groups are also diagonal oriented, but now the calcium ions are parallel to the carbonate 161 

groups. Thus, the (104) surface was selected for sorption studies, because its structure resembles 162 

the edge surface of phlogopite. 163 

The size of the surface cell in simulation for the calcite (104) surface model was 1.66 nm2 (1 635.9 164 

pm × 1 012.1 pm). The total thickness of the surface model was 1.70 nm, of which the layer of 165 

1.13 nm was allowed to relax during the optimizing of the surface structure. In the perpendicular 166 

direction to the surface, an empty void was 2.0 nm. 167 

 168 



3.2 Sorption of Se(IV) species 169 

Sorption studies onto the edge (110) and basal (001) surfaces of phlogopite and the (104) surface 170 

of calcite were performed with three Se(IV) species: SeO3
2-, HSeO3

- and H2SeO3. On the edge 171 

surface of phlogopite, it was supposed that the sorption position is above the interlayer space of 172 

phlogopite. In the study, the bonding form of the Se species with the surface oxyanion was also 173 

considered. Two forms of bonding exist between the Se species and oxyanion atom on the mineral 174 

surfaces; via an oxygen atom or a selenium atom. In all of the studied cases, Se species was located 175 

onto the surface, and the uppermost surface structure of phlogopite or calcite was optimized 176 

together with Se species. Thus, the effect of initial positions of the Se species on the final sorption 177 

geometry was minimised.  An empty void perpendicular to the surface was 1.0 nm. 178 

The optimized bonding geometries of Se(IV) species on the phlogopite (110) surface are presented 179 

in Figure 2. The sorption of SeO3
2- ion onto the phlogopite (110) surface via its oxygen atoms to 180 

the hydrogen atoms of the surface hydroxyl groups is shown in Figure 2a. If the sorption happens 181 

via a selenium atom of the oxyanion, SeO3
2- takes a hydrogen atom from the surface hydroxyl 182 

group, and SeO3
2- changes to HSeO3

- species (Figure 2b). 183 

The sorption of HSeO3
- that happens via an oxygen atom of the oxyanion is shown in Figure 2c. 184 

During the sorption reaction, HSeO3
- gives up its oxygen atom to the surface and after the 185 

replacement of the surface hydroxyl groups, the reaction releases water like the SN2-I reaction 186 

mechanism predicts (Chubar et al., 2005), and then HSeO3
- transfers to the cationic HSeO2

+ 187 

species. If the sorption occurs via its selenium atom, there is no speciation change (Figure 2d). 188 

When neutral H2SeO3 species adsorbs onto the surface, cationic HSeO2
+ species forms and water 189 

releases, and the sorption of the species happens via an oxygen atom of the oxyanion (Figure 2e). 190 



If the sorption reaction happens via a selenium atom, there is no changes in the Se species (Figure 191 

2f). The results reveal that electron transfer reactions happen between the phlogopite surface and 192 

Se species. During these reactions, anionic or neutral Se species can transfer to cationic species, 193 

HSeO2
+, on the edge surface of phlogopite. The HSeO2

+ species can be an activated species during 194 

the complexation reaction. Sorption energies are listed in Table 1. 195 

 196 
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 197 

Figure 2. Sorption of SeO3
2- (a and b), HSeO3

- (c and d) and H2SeO3 (e and f) onto the phlogopite 198 

(110) surface. Al ‒ pink, H ‒ white, Na ‒ purple, O ‒ red, Si ‒ yellow, Mg ‒ green. 199 

The optimized bonding geometries of Se(IV) species on the phlogopite (001) surface are presented 200 

in Figure 3. In these cases, an empty void of 1.5 nm perpendicular of the surface models was set. 201 

The calculations show that the sorption of SeO3
2- happens via its oxygen atoms to the potassium 202 

ions of the surface (Figure 3a). The sorption reaction corresponds to HSeO3
- species (Figure 3b), 203 

and no chemical changes occurs during the sorption. When neutral H2SeO3 species adsorbs onto 204 

the surface, then cationic HSeO2
+ species forms (Figure 3c), the same as the sorption reaction onto 205 

the phlogopite (110) surface. In these cases, the coordination direction of the Se species have not 206 

been taken into account. However, the results reveal that electron transfer reactions take place on 207 

the basal surface of the phlogopite, but the reactions are not so dominant as on the edge surface. 208 

Sorption energies are listed in Table 1. 209 

 210 



 211 

Figure 3. Sorption of SeO3
2- (a), HSeO3

- (b) and H2SeO3 (c) onto the phlogopite (001) surface. Al 212 

‒ pink, H ‒ white, Na ‒ purple, O ‒ red, Si ‒ yellow, Mg ‒ green. 213 

 214 

In Figure 4, the optimized bonding geometries of Se(IV) species on the calcite (104) surface are 215 

presented. The calculation results show that, in these cases, all three investigated Se species (SeO3
2-216 

, HSeO3
- and H2SeO3) attach to the surface via physical interactions without surface complexation 217 

reactions happening. The sorption geometry of SeO3
2- and HSeO3

- is very similar on the calcite 218 

(104) surface and the phlogopite (001) surface, and sorption energies are listed in Table 1. 219 

b) 

c) 

a) 

Se Se 

Se 



 220 

Figure 4. Sorption of SeO3
2- (a), HSeO3

- (b) and H2SeO3 (c) onto the calcite (104) surface. C ‒ 221 

carbon, Ca ‒ green, H ‒ white, O ‒ red. 222 

3.3 Sorption of Se(VI) species 223 

In the case of the Se(VI) species, the coordination of the Se species via the oxygen atoms was only 224 

considered, because according to the calculated sorption energies for the Se(IV) species (Table 1), 225 

the sorption via the oxygen atoms is energetically more favourable than the sorption via the Se 226 

atom. The optimized bonding geometries of Se(VI) species on the phlogopite (110) surface are 227 

presented in Figure 5. In these cases, an empty void of 2.0 nm perpendicular to the surface models 228 

was set. The results show that the sorption of SeO4
2- onto the phlogopite (001) surface happens via 229 

its oxygen atoms to the hydrogen atoms of the surface hydroxyl groups (Figure 5a). During the 230 

sorption of HSeO4
- (Figure 5b), it gives up its oxygen atom, and reacts with the hydrogen atoms 231 

of the surface hydroxyl groups forming a water molecule like in the case of HSeO3
- species. As a 232 

a) 

c) 

b) 

Se 

Se 

Se 



consequence of the reaction, HSeO3
- species forms (Figure 5c). When neutral H2SeO4 species 233 

adsorbs onto the surface, it also gives up its oxygen atom, as a consequence, the HSeO3
- species 234 

forms (Figure 5e). The results reveal that electron transfer reactions happen between the phlogopite 235 

(110) surface and the Se(VI) species, like in the case of Se(IV) species. 236 

 237 
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Figure 5. Sorption of SeO4
2- (a), HSeO4

- (b) and H2SeO4 (d) onto the phlogopite (110) surface. In 238 

the case of HSeO4
- and H2SeO4, changes in the chemical composition of the Se species happen 239 

during the sorption, and the final sorption products are also presented (c and e), respectively. Al ‒ 240 

pink, H ‒ white, Na ‒ purple, O ‒ red, Si ‒ yellow. 241 

The optimized bonding geometries of Se(VI) species on the phlogopite (001) surface are presented 242 

in Figure 6. Sorption of SeO4
2- takes place via its oxygen atoms to the potassium ions of the surface 243 

(Figure 6a). The sorption reaction of HSeO4
- happens in a similar way (Figure 6b) with chemical 244 

changes occurring during the sorption process and the HSeO4
- ions disorders only slightly. When 245 

neutral H2SeO4 species adsorbs onto the surface, the dissociation reaction happens with releasing 246 

a hydroxyl group which forms an ionic bonding with the potassium ions of the surface (Figure 6c). 247 



 248 

Figure 6. Sorption of SeO4
2- (a), HSeO4

- (b) and H2SeO4 (c) onto the phlogopite (001) surface. Al 249 

‒ pink, H ‒ white, Na ‒ purple, O ‒ red, Si ‒ yellow, Mg ‒ green. 250 

The optimized bonding geometries of Se(VI) species on the calcite (104) surface are presented in 251 

Figure 7. Like in the case of Se(IV) species (Figure 4), all the investigated Se species (SeO4
2-, 252 

HSeO4
- and H2SeO4) attach to the surface via physical interactions, and no surface complexation 253 

reactions happen. The sorption happens via the oxygen atoms, and sorption energies are listed in 254 

Table 1. 255 

b) 

c) 

a) 
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 256 

Figure 7. Sorption of SeO4
2- (a), HSeO4

- (b) and H2SeO4 (c) onto the calcite (104) surface. C ‒ 257 

carbon, Ca ‒ green, H ‒ white, O ‒ red. 258 

3.4 Sorption energies 259 

The energies for surface reactions of Se species on the phlogopite (110) and (001) surfaces and the 260 

calcite (104) surface are presented in Table 1. The results indicate that Se species attach to the 261 

surface via oxygen atom of the oxyanion. Exothermic sorption energies for HSeO3
-, HSeO4

-, 262 

H2SeO3 and H2SeO4 on the phlogopite (110) surface indicate that surface complexation reactions 263 

are very presumable on the edge surfaces of phlogopite (Figures 2c, 2e, 5c and 5e) compared to 264 

a) 

c) 

b) 

Se Se 

Se 



the basal (001) surfaces. On the calcite surface, ion exchange reactions are possible only for neutral 265 

Se species, H2SeO3 and H2SeO4 (Figs. 4c and 7c). Though the neutral H2SeO3 and H2SeO4 seem 266 

to form the very stable complexes on the edge surfaces of phlogopite, it has to be stated that these 267 

neutral Se species do not occur in the natural groundwater conditions in the bedrock of a nuclear 268 

waste repository (Lehto and Hou, 2011). Therefore, the most presumable Se species in the sorption 269 

reactions that happen under the geological conditions of a nuclear waste repository are HSeO3
- and 270 

HSeO4
-. 271 

Table 1. Sorption energies (eV) of the Se species onto the phlogopite and calcite surfaces. 272 

Se species Phlogopite Calcite 

 (110) (110) (001) (104) 

 ‒O‒Se ‒Se‒O ‒O‒Se ‒O‒Se 

Se(IV)O3
2- 4.6 6.4 5.7 10.1 

Se(VI)O4
2- 4.9  6.6 7.3 

HSe(IV)O3
- -1.8 4.5 3.4 5.1 

HSe(VI)O4
- -1.3  1.4 4.0 

H2Se(IV)O3 -5.2 0.7 -2.3 0.1 

H2Se(VI)O4 -6.6  -3.5 0.6 

 273 

3.5 Surface site density estimations 274 

In addition to the calculation of the sorption energies, the calculated sorption geometries were 275 

utilized to estimate the number of surface sites for sorption of Se species on both of the phlogopite 276 



surfaces. In Figure 8, the top views of the surface models for the basal (001) and edge (110) 277 

surfaces of phlogopite with HSeO3
- species are presented. 278 

 279 

Figure 8. Phlogopite: a) the (001) and b) (110) surface. Al ‒ pink, H ‒ white, Na ‒ purple, O ‒ red, 280 

Si ‒ yellow, Mg ‒ green, Se species ‒ turquoise. 281 

In the case of the phlogopite (001) surface (Figure 8a), the surface area of the model is 0.94 nm2. 282 

When the maximum coverage of the surface model caused by HSeO3
- species is considered, there 283 

can be approximately three Se species attached onto the model. Based on this assumption, the site 284 

density of HSeO3
- on the basal surface is estimated to be 3.2 sites/nm2. 285 

a 

b 



On the phlogopite (110) edge surface (Figure 8b), the selenium species HSeO2
+ is adsorbed above 286 

the interlayer of phlogopite which is supposed to be the significant edge position. The area of the 287 

surface model is 2.16 nm2, and if it is supposed that all of this kind of surface sites are occupied, 288 

there can be approximately three selenium species on the surface model. Based on this assumption, 289 

the maximum site density of the phlogopite edge surface is estimated to be 1.4 sites/nm2. 290 

4. Discussion 291 

The surface site density values estimated from this work (1.4 sites/nm2 for edge sites and 3.2 292 

sites/nm2 for basal sites) is in accordance with the experimental data from other studies. For 293 

example, the recommended surface site density for all minerals by Davis and Kent (1990) is 2.31 294 

sites/nm2 and this general value was used in many surface modelling studies (Baeyens and 295 

Bradbury, 1997, 1995; Ervanne et al., 2013). However, this value is too general without the 296 

consideration of the mineral types and surface differences. The surface density values estimated 297 

from this work are more specific taking into account the different properties of the phlogopite 298 

(001) and (110) surfaces. 299 

      The estimated surface site density values were used in our PHREEQC modelling based on 300 

titration, sorption edge and sorption isotherm experimental results of Se(IV) sorption on phlogopite 301 

(Li et al., 2018; Li et al., 2019).  A multi-site surface complexation model was successfully 302 

developed by treating the (001) and (110) surfaces as weak sorption sites in combination with 303 

strong sorption sites with a low site density (0.00068 sites/nm2).  The multi-site surface 304 

complexation model was validated to describe the Se(IV) sorption on phlogopite over a pH range 305 

from at least 7.5 to 9.5 which covers typical groundwater pH ranges found in host rocks suitable 306 

for  of nuclear waste repositories (Figure 9).  307 



 The selectivity coefficients (logK values) of different selenium species (SeO3
2-, HSeO3

-, HSeO3
- 308 

- H+, H2SeO3 – H+) were deduced from PHREEQC modelling with the order logK(SeO3
2-) < 309 

logK(HSeO3
-) < logK(HSeO3

- - H+) < logK(H2SeO3 – H+) (Li et al., 2019). This result is in 310 

accordance with the determined sorption energies of different Se species by DFT modelling 311 

(Section 3.4 and Table 1). Both the molecular modelling and PHREEQC modelling results show 312 

that H2SeO3 could form the most stable complexes on the surface of phlogopite while SeO3
2- is the 313 

least presumable Se species considering surface complexation on phlogopite.  314 

Mechanistic understanding of the sorption processes on the mineral surfaces can be studied by 315 

combining molecular modelling and surface complexation modelling with PHREEQC. The 316 

molecular modelling results can strengthen the understanding of the properties of the assumed two 317 

weak sorption sites in the PHREEQC model. These two weak sorption sites are cation exchange 318 

and surface complexation sites. The cation exchange reactions happen on the basal surfaces of 319 

phlogopite and the reactions are based on the ionic forces. The surface complexation reactions 320 

occur on the edge surfaces and the reactions are based on the hydrogen bonding between the Se 321 

species and the mineral surfaces.  322 

PHREEQC modelling on the sorption isotherm curve (Figure 9) gives information of reactions on 323 

the mineral surfaces. The modelling results also suggest the existence of strong sorption sites. The 324 

properties of the deduced strong sorption sites from the multi-site surface complexation model is 325 

still under discussion (Dähn et al, 2011). However, the PHREEQC modelling results show that the 326 

existence of the strong sorption sites are essential for the accurate simulation of the whole sorption 327 

isotherm curve, especially in the low concentration area (< 10-7 M) where the sorption of Se(IV) 328 

ions is dominated by the strong sorption sites. Our results are corroborated by the work of Dähn et 329 

al (2011) where polarized extended X-ray absorption fine structure (P-EXAFS) method was 330 



applied to study the nature of the strong sorption sites in the case of Zn sorption on 331 

montmorillonite. Their results show that strong sorption occurs on the mineral surface as a mixture 332 

of surface complexes bound to the edge sites of the cis-vacant (cv) and trans-vacant (tv) of Al 333 

octahedrons. P-EXAFS studies are needed to understand the true nature of the so called “strong” 334 

sorption sites in the case of Se(IV) sorption on phlogopite. 335 

 336 

Figure 9. Experimental data of Se(IV) sorption on biotite in Grimsel groundwater simulant as a 337 

function of Se concentration from 10-10 M to 10-3 M and the continuous line is the simulated data 338 

with surface complexation model (Li et al., 2018). 339 

5. Conclusions 340 

In this research, the sorption properties of selenium on phlogopite and calcite were studied because 341 

these minerals have a potential role to sorb radioactive elements in crystalline bedrock from 342 

nuclear waste, and therefore have a strong impact on the migration of radionuclides. The results 343 

of the sorption studies of Se(IV) and Se(VI) species reveal that during the sorption process, 344 



electron transfer reactions happen between the phlogopite surface and Se species, and surface 345 

complexation reactions happen on the edge surfaces of phlogopite. During these reactions, anionic 346 

or neutral Se(IV) species can transfer to cationic species, HSeO2
+. On the basal surfaces of 347 

phlogopite, the cation exchange reactions happen like on the calcite surfaces. 348 

The calculated results of the surface reaction energies of Se(IV) and Se(VI) species on phlogopite 349 

and calcite surfaces reveal that neutral H2SeO3 and H2SeO4 can form the most stable complexes 350 

on mineral surfaces whereas SeO3
2- or SeO4

2- are the least reactive species. This result is consistent 351 

with the selectivity coefficients of different surface reactions deduced from the multi-site surface 352 

complexation model which describes successfully Se(IV) sorption on the surface of phlogopite. 353 

The sorption geometries were utilized to estimate the surface site densities on both phlogopite 354 

surfaces. The estimated surface site densities of the basal and edge phlogopite surfaces are 3.2 355 

sites/nm2 and 1.4 sites/nm2, respectively. These surface site density data were used in the 356 

development of the multi-site surface complexation model as weak sorption sites. In addition, a 357 

strong sorption site was deduced from the multi-site surface complexation model with very low 358 

site density. The nature of the strong sorption site in the case of Se sorption on phlogopite or calcite 359 

is still unclear and more investigations, like P-EXAFS measurements, are needed to interpret the 360 

physical property of the strong sorption site. Our results show that mechanistic understanding of 361 

the sorption processes on the mineral surfaces can be elucidated through a combination of 362 

molecular and surface complexation modelling. 363 
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