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Abstract

Selenium is a common pollutant in soils and aquifers. The radioisotope ™Se, an
abundant fission product of 23U, is of particular concern in the context of nuclear
waste disposal safety due to its long half-life and its expected high mobility in the
multi-barrier system around potential nuclear waste disposal sites. Oxidized selenium
species are relatively soluble and show only weak adsorption at common mineral
surfaces. However, a possible sorption mechanism for selenium in the geosphere is the

structural incorporation of selenium(IV) (selenite, SeO3”) into calcite (CaCO3).

We carried out a detailed quantum chemical study of the incorporation of SeO2~ into

the calcite surface and the subsurface layers.

As the main result we present the structural changes upon incorporation of selenite
(SeO3?) into the dry and hydrated calcite (1014) surface. For the dry surface we add
results for the incorporation into the subsurface layers. This results are complemented

by energetic considerations and in turn used to estimate the thermodynamic partition
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coefficient D for SeO3;? incorporation into the surface and subsurface layers. The results
corroborate the recently proposed entrapment model for selenium(IV) coprecipitation
with calcite and show that equilibrium incorporation of selenite into calcite may occur

in the surface layer, but is practically impossible in subsurface layers or the bulk.
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1 Introduction

An important aspect of the civil use of nuclear power is the safe disposal of the
radioactive waste. Notably highly radioactive waste with long-lived components has
to be isolated safely from the biosphere over geological periods of time. In case of
gradual water intrusion into the repository corrosion of container and waste forms as
well as mobilization of radionuclides might occur. In safety assessments it needs to

be shown that subsequent transport radionuclides to the biosphere is negligible.!?

Sorption at mineral surfaces can significantly reduce the migration rate of radionuclides
in the geosphere. Therefore, sorption reactions of radionuclides at mineral/water

3-1

interfaces have to be studied and understood in detail, see®*® and references therein.

Due to two aspects, the radioisotope ™Se is of special concern: its long half-life
(3.27-10° a)' and the expected high mobility. Selenite (SeO2 ) anions are retarded
only weakly by common mineral surfaces. Therefore, Se has been identified as a
potentially dose dominating fission product in long term safety assessment calculations

for nuclear waste repositories (see?).

Calcite is the most common polymorph of calcium carbonate. In the geological
environment of potential nuclear waste disposal sites calcite is present as a mineral
constituent in clay formations (up to 20 %), as fracture filling material in granitic
rocks, or as a corrosion product of concrete based materials in the technical barrier. A

[.2" showed that selenite

recent joint theoretical and experimental study by Aurelio et a
can be incorporated into bulk calcite. But, to our knowledge, no theoretical data
addressing the incorporation of selenite SeO3 into the calcite surface and subsurface

layers is available.

Therefore we attempted these first principle calculations tackling the incorporation

of selenite into the calcite surface layer from a theoretical perspective and provided
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theoretical structural as well as energetic information supporting and explaining recent

experimental results by Heberling et al.'®

Overall, there is a large number of theoretical studies targeting calcite, see?! 4!

using
either force-field methods or employing density functional theory (DFT).*2% There are
numerous experimental studies investigating various aspects of the calcite(1014)/water

interface as well, 184553

In our work we aimed for an improved theoretical understanding of the incorporation
mechanism of selenium into calcite surface layers similar as carried out in an earlier
experimental work by Heberling et al.'® Hence we studied the incorporation of selenium
into bulk calcite, similarly as had been done by Aurelio et al.?! But we extended this
study by investigation how selenium is incorporated into the surface and subsurface
layers of the calcite (1014) surface. For this we used different models for the dry and

hydrated calcite surface allowing an additional view on the influence of surface water.

We studied in a first step the calcite bulk phase (without selenite) and the calcite
(1014) surface without (dry) and in contact with water (hydrated). The scope and
methodology of this first part of the paper is similar to the theoretical work of Lardge

.23 In their work they had focused mainly on the sorption of one or a few

et a
water molecules on the surface addressing the question whether the sorption of water
on the calcite (1014) surface is based on an associative or dissociative mechanism. We
put an emphasis on the structural changes of pure calcite from the dry surface to
the hydrated surface induced by the presence of water as well as the arrangement of
the water layers adjacent to the surface. In the second part we studied the structural
changes upon incorporation of selenite into the bulk phase and the dry and hydrated
(1014) surface of calcite. Additional to the structural information we provide results

about the energetic changes upon incorporation of selenite SeO3 into the bulk, the

(1014) surface and subsurface layers and provide new information complementing the
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results of Heberling®® et al.

For this work we compared our results with the already available theoretical and
experimental data of Aurelio et al.,?! Lardge et al.,?*3! Cheng et al.,*> Geissbiihler
et al.,*” Heberling et al.'®*° and Fenter et al.®>®' These studies have a similar focus
as ours and provide a broad range of theoretical and experimental data to assess the
accuracy of our results. This is important to ensure the accuracy of our results in

every step of this work.

The paper is organized as follows: in section 2 we briefly describe the employed
quantum chemical methodologies. The results of the considered pure calcite systems
are presented in section 3.1 and the results for the incorporation of selenite into calcite

are described and discussed in section 3.2.

2 Computational details

For the calculation we used DFT**% with periodic boundary conditions (PBC) as
implemented in the Vienna Ab Initio Simulation Package (VASP).54%6 The Kohn-Sham
equations were solved using a plane-wave basis set. Electron exchange and correlation

57

were described using the Perdew-Burke-Ernzerhof (PBE) version®’ of the generalized

gradient approximation (GGA). The ion cores were described by projector augmented

wave (PAW) potentials®® as implemented by Kresse and Joubert.

We employed an energy cutoff of 500 eV for the kinetic energy of the plane waves
for all bulk and surface calculations and the determination of the lattice parameters
for bulk calcite. For the surface calculations on the dry and hydrated calcite (1014)

surface we performed calculations with restrictions' applied to the lowest layers of

"We applied the restriction to keep the lowest two layers fixed at their bulk values or to
lifted this restriction and allowed the lowest two layers to be completely optimized in the surface
calculations.
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calcite in order to study their influence on the surface structure.

2.1 Bulk structure and dry surface optimization

The first step is to determine the lattice parameters of bulk calcite. For this task we
used a monoclinic and the hexagonal unit cell (see Fig. la and b). The choice of
a monoclinic cell is infrequent for bulk calculations, but we chose a monoclinic unit

cell to facilitate calcite (1014) surface calculations as described below.

But in order to compare with the results of the hexagonal unit cell which is usually
used for the calculations we caried out calculations with both unit cells. Note that
the (1014) surface refers to hexagonal coordinates. In the monoclinic cell it is the

(001) surface, still we will keep calling it (1014) surface for the sake of simplicity.

Based on the optimized bulk structure we determined the geometry of the dry calcite
(1014) surface in contact with vacuum as shown in Fig. 2. Our surface model is
based on a 2x2x2 supercell of monoclinic shape consisting of five CaCOg layers, whose
vectors were chosen such that one face of the cell is parallel to (1014) as was also
used by Heberling et al.*® As can be seen from Fig. 2 we were restricted to this quite
small model of the surface, because of the computational limitations when introducing
the three layers of water on top of the surface. Thus we did not focus on surface
rumpling or local variations of the surface in great detail, since for this purpose the

chosen surface model should be larger.

In the model we introduced a vacuum layer of 15 A between slabs, which we tested
to be sufficient such that the calcite slabs were isolated from its periodic images. For
the initial relaxation of the structures, we used the real-space evaluation of the PAW

projection operators.®

The bulk lattice parameters were calculated by looping over the volume and relaxing

6
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the positions of the ions and optimizing the cell shape. For the surface calculations
we relaxed all atomic positions but restricted the lowest two layers (away from the
surface of interest) to its bulk positions in some surface calculations. The relaxation
was stopped when the force on each atom was below 0.01 eV/A. For the bulk
and the surface calculations we used 3x3x3 or 3x3x1 k-points, respectively, and the

Monkhorst-Pack scheme.

The optimized bulk and surface structures served as basis for further theoretical
exploration of (1) the hydrated calcite (1014) surface and (2) the incorporation of

selenite in the calcite (1014) surface layer and the bulk phase.

2.2 Hydrated surface

We studied the hydrated calcite (1014) surface with three layers of water (see Fig.
3). These calculations allowed a direct theoretical study of the structure of water
in contact with the calcite (1014) surface and to examine the influence of hydration

water on the surface structure.

Here it should be emphasized that for the hydrated surface we do only ”static” DFT
calculations optimizing the structure. In the literature, see,?3! these calculations are
called static optimizations compared to efforts explicitely including the motion of the
involved species, as in molecular dynamic (MD) calculations. There are a lot of local
energetic minima and almost certainly we did not find the global minimum. But we
know from previous studies that the local minima'#®' have physical properties very
close to each other and to the global minimum. Thus the properties derived from

the local minima are a fair representation of the system for our purpose.

In the calcite surface layer we had eight positively charged calcium ions (Ca?") and
eight negatively charged carbonate groups (CO3~) with different electrostatic interaction

with hydration water. Accordingly, we placed eight water molecules on top of the
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calcium ions and eight on top of the carbonate groups in agreement with previous

4749 and computational?®33 studies. Thus we had

crystal truncation rod measurements
8+8=16 water molecules in the first two layers. These two layers had quite similar
average distances from the surface and the water molecules form bonds with the surface.

Initially no preferred ordering of the first and second water layer was assumed.

On top of these two layers we added a third layer, consisting of 15 initially orderless
water molecules. This third layer was intended to simulate the effect of bulk water
on the first two layers, as motivated by our earlier work on corundum (Janecek et
al.’Y). The geometry of the whole structure (surface plus three water layers) was

optimized in turn.

2.3 Incorporation of selenite SeO3~ into the bulk phase and sur-

face

For the bulk calculations we used the monoclinic and hexagonal unit cell. In the
monoclinic cases we substituted one SeO3” in a 2x2x2 super cell (see Fig. 4) and
in the hexagonal case in a 2x2x1 super cell (see Fig. 5). The challenge of these
calculations originated from the different structures of the CO3~ and SeO3” ions. The
former having a planar and the latter a pyramidal shape which induces a large strain

to the lattice upon incorporation.

The calculations dealing with the incorporation of selenite into the surface layer were
carried out with the dry and hydrated surfaces of the monoclinic 2x2x2 cell (see Fig.

6). In both cases a surface CO3  group was replaced by a SeO3~ group.

8
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3 Results

3.1 Bulk structure and surface optimization of pure calcite
3.1.1 The bulk structure

Results of the optimization of the monoclinic and hexagonal unit cell (see Fig. 1)
are summarized in Table 1. In Table 1 we compare our calculated values with
the experimental crystal structure®®% and the theoretical results of the force field
calculations of Demichelis et al.®” (see Table 2 in3" for the theoretical results, the
experimental values at T=298 K and the extrapolation of the experimental data to

T=0).

As can be seen from Table 1 all calculated distances are slightly longer compared to
the experimental values. This is an intrinsic deviation of DFT and should be expected.
The errors are sufficiently small across all calculated values (with one exception) with
a relative error smaller than 1.6%. Only the theoretical value for ¢ in the hexagonal

case deviates by 4.3%.

An intrinsic issue with DFT is the absence of a proper description of long range
dispersion contributions.® Hence we tested to which extent the inclusion of dispersion
would improve this result by means of the van der Waals correction DFT-D2/D3
method by Grimme%% and did this for both unit cells. As can be seen from Table 1
for D2 only ¢ (for the hexagonal unit cell) is slightly reduced to 1770 pm (deviation
from the experimental result 3.8%) but remains unaltered for D3. All other values
remain constant within significant digits. This shows that the inclusion of dispersion is
not important for the description of the bulk phase as already pointed out by Klimez

L 67

et a . Nevertheless we include this in our work for the subsequent description of

the hydrated surface.
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We calculated the tilt angle of the CO3~ groups with respect to the (1014) plane to

be 44.6°. This agrees very well with the experimental value of 44.7°.49:50

For the charges we applied Bader Charge Analysis.®® In Table 2 we list the Bader
charges of the involved ions for the bulk and the different surface calculations. The
results (qoge+ = 1.652, go2- = —1.136 and qcs+ = 1.757) agree very well with the
expected charges of the ions. We list them here as reference values for following

surface calculations.

Due to the good agreement of the calculated results with the available experimental

49,6263 we fixed the calculation parameters, like the energy cut off, the number of

values
k-points, the functional or other parameters used by VASP. Explicit test calculations
increasing the number of k-points to 5x5x5 (bulk) and 5x5x1 (surface) showed that

the variation of the electronic energy is <1 meV and negligible.

3.1.2 The dry calcite (1014) surface in contact with vacuum

Only, the optimized monoclinic unit cell was used to further explore the calcite (1014)
surface. The dry calcite (1014) surface in contact with vacuum is shown in Fig. 2, the
results are summarized in Table 3. Here and in the following sections, the positions
of the surface calcium atoms define the location of the surface. We carried out two
different calculations fixing the lowest two of the five layers (4" and 5 layer in Fig.
2) to their bulk values or without this restriction. As can be clearly seen from the
numbers in Table 3 fixing the lowest two layers had basically no influence on the

resulting surface structure.

Overall there are many small changes from the bulk to the surface structure. The
interlayer distance between the first and second Ca layers shrinks from 306 pm in
the bulk phase to d(jo14)co—cq = 298 pm but within the surface layer the rcq—ca

distance remains unchanged at 409 pm. Consequently the rc,_c, from the first to
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the second layer are shortened The rg, ¢ distances split up from a sharp value of
325 for bulk calcite to several different values of 323,325,329 pm or 322,325 — 326, 329
without and with restriction applied, respectively. Similarly the rc,_o distances are
altered from a sharp 239 (bulk) to a range of 231 and 238 —240 pm. The r¢_o
distances are modified from 130 (bulk) to 128 — 132 pm. Besides the strong reduction
of the first interlayer distance from 306 to 298 pm the structure of the first layer is
only slightly altered relative to the bulk values. CO3~ groups of the first layer are
in average tilted by 3.4+ 0.2° compared to their bulk values. The angle between the
plane defined by the Ca atoms and the plane of the CO3™ ions are decreased from
44.6° to 41.2° (without restriction) and 42.1° (with restrictions). The influence of the
applied restrictions on the surface structure is negligible regarding the bond distances
and very small regarding the tilt angle. For the case without restrictions we tested
additionally the influence of the dispersion correction® and find no influence on the
structure. Obviously, the missing Ca-O bonds (239 pm) on the surface reduce the tilt
angle of the CO3  groups. This is a likely cause for the reduction of the interlayer

distance between the first and second Ca layers from 306 pm to 298 pm.

In Table 2 we list the Bader charges of the involved ions for the dry surface calculations.
We did these calculations only for the dry surface, since the hydrated surface would
require more CaCOj layers in our model system. We find that all layers are neutral
but the differences between the positively charged ions decrease when approaching the
surface. The results for the first, second and third layer smoothly approach the value
of the bulk phase. But for more accurate and reliable results the model system should

contain more CaCOj layers.

11
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3.1.3 The hydrated calcite (1014) surface

The construction of the model system to study the hydrated calcite (1014) surface
was described above in subsection 2.2 (see also Fig. 3). We focus on two results, (1)
the modification of the first CaCOgj surface layer induced by the presence of hydration
water and (2) the distances of the first and second water layer to the surface. The

results are summarized in Table 4.

First of all it is remarkable that the interlayer distance between the first and second Ca
layer was restored close to the bulk value at d 474 co-cq = 308 (303) pm without and
with dispersion correction. We arrived at this result although we used in both cases
the dry surface (d(;g74)co-co =298 pm) as the starting geometry for the surface and
added the 31 water molecules to this initial surface structure. After a few iterations
the final value for the interlayer distance between the surface layer and the second
layer of 308 (303) pm was established (calculated value for the bulk phase 306 (304)
pm).

This is in very good agreement with the experimental results of Geissbiihler et al.*”

and Heberling et al.*® . For the same surface they found an interlayer spacing of
306 pm which is larger compared to the experimental bulk value of 304 pm. But
our result does not fit so well with the recent results of Fenter and Sturchio (294
pm)® and Heberling et al. (297 pm).?* These results are closer to our result of the
dry surface. It is of interest to note that in comparison to this newer experimental

data the addition of the dispersion correction improved the result.

Overall the internuclear distances in the surface layer are strongly modified due to the
presence of water and the bonds formed between the surface and the first two water
layers. The rcq._cq distances vary from 402 to 416 pm, the r¢, ¢ distances from 315
to 334 pm and the rg, o distances from 235 to 242 pm. Only the changes of the

rc_o distances are very small, they range from 129 to 131 pm, which is comparable
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to the dry surface. This modification can be explained by the interaction and the
bonds of the water molecules adjacent to the surface with surface atoms of the calcite
surface. The order at the surface is disturbed by the less ordered first and second

water layers due to the formation of water-to-surface bonds.

The tilt angle of the CO3  groups are modified and range from 50.9° to 57.1°
(50.1° to 56.0°) (measured in reference to the plane of the Ca atoms). The average
value is an increase of the tilt angle from 44.6° (bulk) to 54.2° (53.1°). This is in
good agreement with the experimental result of Heberling et al.*® and by Fenter and
Sturchio.?® Heberling et al.*’ report an increase of the tilt angle by 6.9° in the same
direction as we found and a high Debye-Waller factor pointing at a large variation

of the tilt angle. Very close to this result Fenter and Sturchio reported 50.3°.

The tilt angle is larger for the hydrated surface compared to the dry surface.
Furthermore, more bonds are formed between the surface and the first two water
layers. In total this results in an increased interlayer spacing compared to the dry

surface and the bulk values.

The average distances of the water molecules from the surface are listed in Table
4. Initially the water molecules of all three layers are arbitrarily oriented above the
calcite (1014) surface. The subsequent geometry optimization resulted in reorientation
of the water molecules. A well-ordered structure of the first two water layers is thus
obtained since these water molecules strongly interact with either the Ca’" ions (first
layer) or the CO3~ groups (second layer). Calling the structure of the first two layers
well ordered has two aspects: (1) the orientation of the molecules and (2) the distance

from the surface.

The orientation of the water molecules follows the arrangement of the surface. On
top of the Ca?" ion we find water molecules with the oxygen oriented towards the

surface Ca?T ion and both OH bonds oriented almost parallel to the surface. For

13
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the negatively charged CO3~ groups the situation is reversed as should be expected.
The water molecules close to the CO3~ groups point with one hydrogen towards the
surface. This orientation of the water molecules is similar to the orientations found

by Raiteri et al.?® using force-field calculations.

We define the water position as the position of the oxygen atom and the surface
plane as the average position of the surface Ca?* ions. The results are in very close
agreement with the experimental results:* 242 vs 245 pm and 316 vs 325 pm. The
agreement is less satisfactory when including the DFT-D2/D3 dispersion correction:5%:66
237/238 vs 245 pm and 305/305 vs 325 pm. This unexpected observation is clearly a
sign for the short coming of the model. Adding just three water layers is obviously
not an adequate model. Inclusion of a fourth or fifth layer would improve the model
but increase the time for the optimization of the structure considerably. The maximum
deviation of the water layer distance from the surface (without dispersion correction)
is 242+ 14 pm, 316 =17 pm and 562 + 71 pm, respectively. This shows that the
first and second layer are quite well defined as can be seen by the small standard
deviation of the mean values (14 and 17 pm), but the third layer shows significantly
less ordering (71 pm). Hence the third layer serves as a minimal model system for
bulk water. Restricting the bottom layer of the calcite slab to the bulk structure has

no influence on the structure of the hydrated surface or the positions of the hydration

water.

The distance between the Ca atoms of the first layer and the oxygen atoms of the
water molecules range from 243 to 255 pm. This compares very well to the theoretical
results of Lardge et al.?®3° (237 pm), De Leeuw and Parker?*?? (240 pm) and Wright
et al.% (250 pm) for one monolayer of water on top of the surface. There is an
offset in the xy plane of the water molecules of the first layer compared to the top
most Ca layer. Hence the Ca-O bonds are longer compared to the interlayer distanced

between the surface layer and the first water layer.
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The lateral displacement of the oxygen atoms is in x-direction between 19 and 73 pm
and in y-direction between 10 and 42 pm. The displacement of the water molecules
in the x-direction does not follow the tilt of the ¢ axis of calcite (tilted by 17.6°

towards the z-axis, see Fig. 6) but points into the opposite direction.

Finally the water molecule coordination to the surface calcium ions (surface layer)
restore, together with the carbonate ions of the surface and the first subsurface layer,

a close to perfect coordination octahedron around the surface calcium ions.

For the intramolecular OH distances we found values in the range between 97 and 103
pm. The intermolecular OH distances are either water-water or water-surface bonds.
For the water-water intramolecular OH distances we found values from 155 to 215

pm and for the water-surface OH bonds values ranging between 162 and 176 pm.

Thus we see that the chosen theoretical framework provides data very well in
agreement with accessible experimental results for the considered pure calcite systems
This underlines the soundness of the applied theoretical approach and strongly supports

the following study of the incorporation of selenite SeO3~ into calcite.

3.2 Incorporation of selenite SeO} into the bulk phase and (1014)

surface of calcite
3.2.1 Incorporation of selenite SeOj into the bulk phase of calcite

The incorporation of SeO3~ into the calcite bulk phase by replacing a CO3~ was
studied using the monoclinic (see Fig. 4) and the hexagonal unit cell (see Fig. 5).
Technically it was easier to do these calculations with the hexagonal cell, due to the
presence of the 3 symmetry axis. If only the substitution into the bulk phase would
be considered here we would only use the hexagonal cell as Aurelio et al.?! did. But

since we considered also the substitution into the calcite (1014) surface and subsurface

15
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L 18

layers and compare with data obtained by Heberling et a at this surfaces we had

to use the monoclinic cell as well.

The incorporation of pyramidal SeO3 into CaCOjz; poses some sterical challenges as
pyramidal SeO3~ replaces a planar CO3. In the gas phase model of SeO3  the Se
atom is located 65 pm above the plane defined by the three oxygen atoms and has a
pyramidal shape as already determined by Wickleder™ for NaySeOs. The three Se-O
bonds are 169 pm long as determined with MP2/def2-TZVPP gas phase calculations
using TURBOMOLE. ™77

The determination of the structure of SeO3 incorporated into CaCOgz with both unit
cells yield almost identical results. The Se-O bond lengths are 173 (172) pm and
the Se atom is located 75 (73) pm above the plane defined by the three oxygen
atoms (see Fig. 7) for the monoclinic and hexagonal unit cell. The result for the
hexagonal cell is in full agreement with the result reported by Aurelio et al.?* The
Se-O bond lengths are longer upon incorporation of SeO2™ into calcite compared to
the gas phase values, because here the oxygen ions are charged less negative compared
to the gas phase. This is quite close to the result (168 pm) of Heberling et al.'®
The optimization was completely straight forward using the hexagonal unit cell, but
we ran into some problems using the monoclinic unit cell. For the monoclinic unit
cell we proceeded in two steps. First we moved the Se™ slightly out of the oxygen
plane and optimized only the SeO3  structure keeping the whole rest of the unit cell,
consisting of the surrounding calcite structure, fixed. Upon fully relaxing the SeOZ%~

we optimized in a second step the whole unit cell.

For the hexagonal cell we found that the three oxygen atoms of SeO2  are moved
out of the plane defined by the COZ2™ groups by 6 pm in the opposite direction of
the Se atom which sits 68 pm above of this plane. This is not in agreement with

the earlier theoretical results of Aurelio et al.?! where they found that these oxygen
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atoms remain in the plane of the original CO3  group (see Fig. 7). The reasons for
this discrepancy could be the much smaller plane wave cut off of 280 eV wused in
their work. In the monoclinic case we compare the position of the Se with the plane

defined by the Ca atoms and found that it is located 48 pm above this plane.

The local effects of the incorporation of SeO3  on the ion-ion distances for the
monoclinic and hexagonal cell are listed in Table 5. Overall the results of the

calculations with the monoclinic and hexagonal cell are very similar.

For the r¢,_c, we find strong modifications from the pure calcite values in the vicinity
of the SeO3  substitution. In the first shell around the SeO3 substitution the req_cq
are increased from the distances of pure calcite (409 and 505 pm) to 416 — 423
(414 —424)? pm and up to 544 —545 (549) for the longer distance. But the distortion
causes also some of the longer Ca-Ca bonds to shrink and they can be found in the
region 496 — 510 (499 —500) pm. In the second shell the shorter distances are found
in the region 398 —415 (398 —410) and the longer distances in the region 467 — 488
(466) and 503 — 511 (505 —516) pm. As a summary we see that Ca-Ca distances in
the first shell are increased whereas they are decreased in the second shell. Hence,
locally the modifications of the ion-ion distances are quite large, but further away

from the substitution, the Ca-Ca distances are close to the values of pure calcite.

Only small variations of the ion-ion distances are found between both sets of calculations
using the monoclinic and hexagonal cells. This shows the reliability of our approach
since the more demanding calculations based on the monoclinic cell provided results

very close to the calculations with the hexagonal cell.

’In brackets we list the results for the calculations with the hexagonal cell.
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3.2.2 Incorporation of selenite SeO3  into the dry (1014) surface and sub-

surface layers of calcite

In order to study the incorporation of SeO3 into the calcite (1014) surface we
performed calculations with the monoclinic cell only. Here a SeO3  replaced a CO3~
in the surface, second or third layer as shown in Fig. 8. The results are summarized

in Table 6.

We find that the structure of the SeO3~ itself is hardly changed when incorporated
into the surface. The SeO3~ group at the surface is slightly distorted with two Se-O
bond lengths at 175 pm and one at 170 pm. Se is lifted by 75 pm from the oxygen
plane (denoted as 1 in Fig. 9) and is located 92 pm above the plane of the Ca

atoms (denoted as 2 in Fig. 9).

The Ca-Ca distances within (409 and 505 pm) the surface layer vary are 419/427
and 499/544 pm for the four Ca’* ions in the vicinity of the SeO3  group. Hence
there is a strong distortion of calcite around the SeO3 . The distance to the Ca ions
of the second layer is altered as well. These distances around the substitution are
395 — 403 pm. They are smaller compared to the values of pure calcite, because for

the dry surface the interlayer distance to the first sublayer is decreased.

3.2.3 Incorporation of selenite SeO; into the hydrated (1074) surface of

calcite

There are eight CO3™ groups in the surface layer. For the hydrated surface we probed
all eight different possibilities and substituted only one CO3~ by SeO3  in all these
eight different positions and carried out a full optimization of the surface and the
complete water layer (see Fig. 6). The total electronic energy of the different probed
replacement positions varies by less than 0.2 eV. This effect is mainly due to the

presence and relaxation of the water molecules in the first and second water layer.
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The Se-O bonds range between 172 and 174 pm (see Table 6) and the Se atom is
lifted between 67 and 79 pm above the Ca plane (denoted as 2 in Fig. 9) which
is larger compared to the bulk phase but is slightly smaller compared to the dry
surface. If we look at the displacement of the Se atom compared to the plane defined
by the three oxygen atoms of the SeO3 species (denoted as 1 in Fig. 9) we find
a very similar value of 75— 76 (634 11)* pm which compares well to the numbers
presented above for the bulk phase and the dry surface. For the hydrated surface the
top most oxygen atom of the SeO2™ is located 79 (5446)% pm above the Ca plane
compared to 67 for the CO3~ group. Hence, our results compare quite well with the
results reported by Cheng et al.*® There, the top most oxygen atom sits at 81 pm
above the same plane. Looking at the structure of SeO3  in the second and third

layer we can see, that it has almost the same structure as when incorporated into

bulk.

The distances ro,_c, vary from 395 to 411 pm between the first and second layer.
Looking at the four distances between the four Ca?' ions in the surface plane around
the SeOZ substitution we find distances of 426, 494 and 538 pm. Since the interlayer
distance between the surface and second layer is increased due to the presence of water
the distances of the Ca?" ions to the second layer are increased as well, compared

to the dry surface.

The distances rc,_ge vary from 335 to 379 pm. Hence the modifications in the
hydrated surface are very similar to the dry surface. The results are summarized in

Table 6.

The first and second water layers are hardly affected by substituting a CO3~ by a
SeO%™ group. Only the water molecule sitting on top of the SeO2~ is moved 25 pm

away from the surface.
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3.2.4 Energy cost of incorporating SeO3  into the bulk, as well as the surface

and subsurface layers

In this part of our work, we considered the reaction energies calculated from the

electronic energies as a reasonably good approximation for the Gibbs free energy

(AG =~ AE).

In order to study the energy changes (see eq. (10) to (16) in Heberling et al.'®) for

different cases of substitution we look at the reactions

[Ca(COs)),, + [CaSeO3] —  Cam(CO3)4n-1)Se03 + [CaCOs] . (1)

m indicates the number of Ca>* and CO3™ ions in the supercell. Reaction (1) indicates
that one of m CO3  anions in the supercell is replaced by one SeO3” anion. The

number of ions in the bulk is my,, = 32 and for the surface Mgy foce = 40.

We determined the corresponding reaction energies

_ bulk bulk
AGincorp,bulk - Ecam(COS)(m71)5603 + ECaCOg - HCam(CO3)m — ECaSeOg (2)
o sur face(n) sur face
AGincorp,surface(n) - ECam(COg)(m,l)Seog + ECaCOg - ECam(COg)m - ECaSeOg (3)
n=1,23
with (4)
E _ i bulk
CaCOs3 - m Cam(CO3)m
E IR s
CaSeOs - m Cam (SeO03)m*

bulk bulk ; ; :
Eeur oy, and ECg” .0y, are the electronic energies of the respective supercells

with m Ca?t and COZ /SeO3” ions. n in eq. (3) refers to the surface layer (n=1),
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or the second or third layer (n=2,3). Ecu.co, and Egusco, are reasonable reference
energies for the bulk calculations. We can use the reaction energies in eq. (2) and

3) to compare the energy changes upon incorporation of SeO32” into calcite.
( 3

Calculating the energy differences

AAGsurface(n) = AGincorp,sm‘face(n) - AGincorp,bulk (5)

(n=1,23).

between AGincorppuk a0 AGincorp surfacen) i €q.  (2) eq. (3) requires only the
sur face(n) ur face

knowledge of the surface (Ecam(cog)(7,L,1) se0, and Eéam(003)m) and the corresponding

bulk bulk ~ ~
bulk (ECam(Cog)(m,l) seo, and E¢” oo, ) energies and not the energies Ecoco, and

Ecaseos-  Their energy contributions simply cancel out and D depends only on

bulk bulk sur face(n) sur face s
Ecam(cog)(7,L,1)seoga ECam(003)m’ Cam(CO3)(m_1)5¢03 and Ecam(cogm and is independent

of the reference states (see eq. (13) in Heberling et al.'®).

Thus by doing this simple calculation we can directly compare the changes of energies
upon incorporation of SeO2 into the bulk, the surface or subsurface layers of calcite

for the different considered cases.

The calculated energies AGincorppur (2) and AGincorpsurfacen) (3) for the dry and
hydrated surface are shown in Fig. 10. We find that the incorporation en-
ergies AGincorp,surface@)u AGmcorp,surface(?,) and  AGipcorppur  are higher compared to
AGincorp,surface1)- ' The incorporation energies AGincorpsurface(n) m = 1,2,3 smoothly
approach AGincorppur for the dry and hydrated case and the incorporation into the
third layer requires almost the same amount of energy as the incorporation into the
bulk phase. For n=2,3 the relative incorporation energies for the dry and hydrated case
are almost identical and the value of AGi,corpsurfacey for the hydrated surface does
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t!8 emphasizing the high quality

not differ a lot from the experimental available resul
of our theoretical data. These results show that the incorporation of SeO3 into the
calcite surface layer is energetically most favorable compared to the incorporation into

the subsurface layers or the bulk phase.

These results are consistent with our earlier work'® where we showed that selenite is
incorporated into the calcite surface and further incorporated into calcite bulk phase

by means of a continuous entrapment process.

4 Discussion

The incorporation energies calculated according to eq. (2) and (3) may be transformed
into excess free energies!® (see eq. (10) to (16) therein) and allow to approximate for
each layer a thermodynamic partition coefficient D. D, relates the selenite/carbonate
ratio in the solid to the selenite/carbonate ratio in the aqueous contact solution, and
thus provides a good bases to discuss the practical implication of the layer by layer
increase of the incorporation energy. First of all the theoretical partition coefficient
for the hydrated surface (D = 0.005) (see Fig. 10) is in fair agreement with the
experimentally determined value (D = 0.02 4 0.01'®). The subsequent layer by layer
increase of the incorporation energy may seem as a smooth transition from the surface
towards the bulk. However, looking at the values in terms of partition coefficients, it
becomes clear that, while at the surface considerable selenite incorporation is possible
(Dystjayer &~ 107%), from the first to the second layer there is a jump in the partition
coefficient about seven orders of magnitude (Danajgye, ~ 107?), which means that
already in the 2"¢ layer there is practically no more selenite incorporation possible at
thermodynamic equilibrium. The further decrease in partition coefficient from 1079 to
~ 107" in layer three and bulk is hardly of practical relevance. The sudden drop in the

partition coefficient from the first to the second layer, however, is the key to corroborate
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the previously proposed entrapment mechanism.'® Especially the interpretation in terms
of entrapment energy, previously used to estimate the supersaturation level, necessary
to drive entrapment, gains relevance now as it is demonstrated that the free energy
related to a certain surface composition rises abruptly when this surface is buried

under an additional layer of calcite.

To briefly reconcile the entrapment model:

1. It is assumed that the surface adopts a certain composition in terms of selen-

ite/carbonate ratio depending of the corresponding solution composition.

2. The supersaturation of the solution may provide a certain driving force for crystal

growth.

3. If this driving force is sufficient to provide the incorporation energy for the
selenite at the surface to be covered with a new layer of calcite, the crystal

grows and selenite is entrapped.

4. If the driving force is not sufficient, the crystal needs to expel selenite in order to

grow, which constitutes a considerable kinetic barrier for further crystal growth.

5. At solubility equilibrium conditions, only the topmost monolayer of calcite con-
tributes significantly to selenite sequestration. Any bulk incorporation, due to
close to equilibrium recrystallization, as demonstrated for 4°Ca,™ is not expected

for selenite in calcite, due to the high energy cost of this process.

5 Conclusion

In this work we studied the incorporation of SeO3 into the dry and hydrated calcite

(10T4) surface. This work touches a large body of existing theoretical?’?*3! and
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]18,21,45,47,49-52

experimenta, results focusing on different aspects of the calcite bulk and

(1014) surface structure. Aurelio et al.?! studied the incorporation of SeO3j using

1252931 carried out theoretical

theoretical as well as experimental methods. Lardge et a
studies of the interaction of water with calcite. From the experimental side Geissbiihler
et al.,*” Fenter et al.’%%' and Heberling et al.'®*%2? provide a lot of information about

the structure of the calcite (1014) surface.

We used all this existing data to assess and gauge the quality of our results. This
is an important first step before extending our efforts to the focus of this work, the

incorporation of SeO3” into the dry and hydrated calcite (1014) surface.

For the incorporation of SeO3” into the bulk and the calcite (1014) surface layer we
give detailed results of the induced local structural modifications around the SeO3~

substitution.

Additionally we consider the energies upon substitution of SeO3~ into the surface and
subsurface layers of the dry and hydrated calcite (1014) surface and the bulk phase.
We found that incorporation of SeO3~ into calcite happens most likely directly at
the calcite (1014) surface layer. Burial of SeO3” to deeper calcite layers involves a
high incorporation energy and is thus only possible at elevated supersaturation (see

Heberling et al.'®)

The very good agreement of the calculated data with available experimental results
shows that 7static” DFT calculations can be applied to dynamical systems like
the hydrated calcite-water-interface and provide information of broad geochemical
significance. Moreover the application of the calculated energies in our previous work
in the framework of the Single Defect method (see Heberling et al.'®) confirms the
viable information provided by DFT calculations. Hence DFT can be established as
a theoretical tool for the investigation of mineral surfaces and in combination with

experimental efforts leads to a much better understanding of the considered system.
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Table 1: Results for the monoclinic and hexagonal unit cells of calcite (a,b,c,
internuclear distances r; and interlayer distances d; in pm, (5,0 in °, Temperature in
Kelvin).
Monoclinic Hexagonal
theoretical experimental theoretical
this work 49 this work 37
5
DFT DFT-D2% DFT-D3% DFT DFT-D2% DFT-D3%
unit cell
a 818 818 819 809 507 507 507 505
b 506 506 506 499 507 507 507 505
c 643 643 644 637 1779 1770 1779 1731
I5; 107.3 107.3 107.6 107.8 120.0 120.0 120.0 120.0
Internuclear distances r;
TCa—Ca 409 409 409 405 408 408 408 —
505 505 505 507 507 507 —
TCa_C 325 325 325 321 325 325 325 —
TCa—0 239 239 239 236 238 238 238 239
rc_o 130 130 130 129 130 130 130 130
(1014) interlayer distances d;
d1074).0a_ca || 306 304 307 | 304 || 303 306 306 - |
tilt angle of the CO3 groups
Oco, H 44.6 44.3 44.4 ‘ 44.7 H 44.2 44.2 44.2 ‘
Table 2: Charges of the ions
dry surface bulk
surface layer second layer third layer ‘
Ca +1.604 +1.644 +1.656 +1.652
O —1.106 —1.117 —1.119 —1.136
C +1.694 +1.716 +1.724 +1.757
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Table 3: Results for the dry calcite (1014) surface (internuclear distances r; and
interlayer distances d; in pm, € in °).
without restrictions with
restrictions
d(10T4),Ca—Ca 298 298
I'Cu—Ca 409 409 within surface layer
401 — 402 401 — 402 between surface and
first subsurface layer
TCu_C 323,325,329 322,325 — 326, 329
TCa—0 231,238 — 240 231,238 — 240
rc_o 128 — 132 128 — 132
Oco, 41.2 42.1

Table 4: Results for the hydrated calcite (1014) surface (internuclear distances r; and
interlayer distances d; in pm).

theoretical experimental
DFT-D2 65 DFT_D366 26 ‘49 47 46 48 50 52

d1674),ca—Ca 308 303 305 297 294 297
T'Ca—Ca 402 — 416 401 — 416 401 — 415 405

408 — 413 394 — 410 395 — 412
T'Ca_C 314 — 335 311 —-336 311 — 337
TCa—O 235 —242 234 —241 230 — 245
rc_o 129 — 131 129 —-131 128 — 132
dcat)y-mo@q)y: 242+£15  237+13 238 £ 15 230 | 245 230 250 190
dcat)-m0@2): 316 £22 305412 30517 300 | 325 345
dea)-mo0@):  H562E£71 5444103 543+ 71 500 525
fco, 54.2 53.1 51.6 50.3
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Table 5: Local changes in the crystal structure of calcite upon incorporation of SeO3-
into the monoclinic and hexagonal unit cell. These distances are only in the vicinity
of the substitution. 1%, 2"¢: first and second shell of Ca’" ions around the SeO3~

(internuclear distances r; in pm).

monoclinic hexagonal
T'Ca—Ca 416 — 423 414 — 424 (1°)
398 — 415 398 — 410 (2n4)

496 — 510, 544 — 545 499 — 500, 549 (1%)
467 — 488, 503 — 511 466, 505 — 516 (2m)

Toag—Se 324 326
356 — 358 356 — 357
I'Ca—C 308 — 335 306 — 337
I'Ca—0 233 — 246 234 — 246
To_o 130 — 131 130
I'Se—0O 173 173

Table 6: Local changes in the crystal structur upon incorporation of SeO3 into calcite

(1014) surface in the vicinity of the

substitution (internuclear distances r; in pm).

dry surface hydrated surface comment
T'Ca—Ca 395 — 403 395 — 411 between surface and second layer
419 — 427 426 within surface plane
499, 544 488 — 519 between surface and second layer
480 — 510 494 — 538 within surface plane
I'Cu—Se 385 379 between surface and second layer
336, 344, 353, 366 335, 346, 354, 354 within surface plane
TCa—C 308 — 337 312 — 342
I'Ca—O 229 — 246 230 — 249
rc—o 128 — 132 128 — 132
I'Se—O 170,175,175 (surface) 172,173,174
rse—o 173 (second and third ayer)
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9 Figures

(a) (b)
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36 b

38 Figure 1: (Color online) The monoclinic (a) and hexagonal (b) unit cell of calcite
39 (Ca: blue, O: red, C: brown)
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Figure 2: (Color online) Top view of the first surface layer and side view of the
whole model system of the dry calcite (1014) surface in contact with vacuum (Ca:
blue, O: red, C: brown)
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42 Figure 3: (Color online) The hydrated calcite (1014) surface (Ca: blue, O: red, C:
44 brown, H: white)

41
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Figure 4: (Color online) Incorporation of selenite SeO3  into a monoclinic 2x2x2 super
cell of calcite (Ca: blue, O: red, C: brown, Se: green)
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34 Figure 5: (Color online) Incorporation of selenite SeO3 into a hexagonal 2x2 super
cell of calcite (Ca: blue, O: red, C: brown, Se: green)
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55 Figure 6: (Color online) Incorporation of selenite into the hydrated calcite (1014)
surface (Ca: blue, O: red, C: brown, H: white, Se: green)
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Figure 7: (Color online) Relative position of SeO3 in the bulk phase for the hexagonal
unit cell (Ca: blue, O: red, C: brown, Se: green)

(@)

Surface layer ...
second layer -

third layer

Figure 8: (Color online) Incorporation of selenite SeO3~ into the dry (1014) surface
and subsurface layers of calcite. (a), (b) and (c¢) show the incorporation into the
surface, the second and the third layer, respectively (Ca: blue, O: red, C: brown, Se:
green)

Figure 9: (Color online) Relative position of SeO3 for the surface incorporation (Ca:
blue, O: red, C: brown, Se: green)
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42 Figure 10: (Color online) Relative incorporation energies AGi,corp (as defined in eq.
43 (2) and (3) and thermodynamic partition coefficient D of selenite SeO3 into the dry
and hydrated (1014) surface and subsurface layers and the bulk phase of calcite
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Figure 11: (Color online) TOC graphics
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