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ABSTRACT: Calcite, a widespread natural mineral at the Earth’s
surface, is well-known for its capacity to sequester various
elements within its structure. Among these elements, selenium is
important because of its high toxicity in natural systems and for
human health. In the form of selenite (Se™)), selenium can be
incorporated into calcite during growth. Our in situ atomic force
microscopy observations of calcite surfaces during contact with
selenium-bearing solutions demonstrate that another process of
selenium trapping can occur under conditions in which calcite
dissolves. Upon the injection of solutions containing selenium in
two states of oxidation (either Se™ or Se™), precipitates were
observed forming while calcite was still dissolving. In the presence
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), the precipitates formed remained small during the observation period. When injecting selenite (Se™), the

precipitates grew significantly and were identified as CaSeO;-H,0, based on SEM observations, Raman spectroscopy, and
thermodynamic calculations. An interpretation is proposed where the dissolution of calcite increases the calcium concentration in
a thin boundary layer in contact with the surface, allowing the precipitation of a selenium phase. This process of dissolution—
precipitation provides a new mechanism for selenium sequestration and extends the range of thermodynamic conditions under

which such a process is efficient.

B INTRODUCTION

Calcium carbonate, a major constituent of the rocks in the
Earth’s upper crust, has the ability to trap several kinds of ions
in its structure. Among them, cations' ™ and anions*™” could
be incorporated or interact with mineral surfaces, making
calcite a potential sink for these elements on the global scale.
Several studies have characterized how arsenic, phosphate, or
selenite oxyanions could be incorporated during the growth of
calcite crystals, either under surface conditions®” or under
hydrothermal conditions.” In these studies, the incorporation of
the ions into calcite during calcite precipitation was the main
mechanism of sequestration as they could replace either the
calcium atoms or the carbonate groups in the crystalline system
of calcite, controlling both the kinetics of reaction and the
growth and dissolution mechanisms.'>**

Selenium is an important oxyanion on the global scale,'” and
its interaction with calcite has several environmental
applications such as the remediation of radioactive selenium
7°Se, the concentration of selenium in agricultural soils due to
irrigation, the contamination of soils by acid mine drainage, and
the effect of selenium on human health due to its concentration
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in drinking waters or its bioaccumulation in food. In fact,
selenium is the element with the smallest difference between
dietary (<40 pg/day) and toxic (>400 ug/day) effects on
humans,® such that international agencies have defined a strict
reference value for selenium consumption, close to 55 ug/
day."*

Selenium can exist in nature in several states of oxidation:
Set™ in anoxic reductive environments and/or contained in
organic molecules, elemental selenium Se(o), and two main
oxidized forms Se™ and Se™™V. These last two forms exist as
oxyanions Se™0,> and Se"Y0,>" that could interact with
calcite via adsorption or incorporation processes. Selenium
speciation analyses in various fresh water environments indicate

av)

the domination of either the Se""™*’ species in rain waters or the

SeD species in rivers, groundwater, and snow. It is noticeable
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that in sea and oceanic waters, Se™) concentration is usually
several times smaller than Se(D.'s

Selenium oxyanions may be incorporated into calcite during
its growth either under surface conditions'® or under
hydrothermal conditions.” This element has also been shown
to be remobilized when carbon dioxide is injected,'” for
example during the leakage of an underground carbon dioxide
repository.'® However, no study has been performed to
characterize how selenium interacts with calcite during its
dissolution. In the present study, we analyze such a situation, by
imaging on the nanometer scale the interaction between
selenium oxyanions (Se™ and Se™) and calcite surfaces
under far-from-equilibrium conditions where calcite dissolves.
For this, we used a flow-through cell coupled to an atomic force
microscope. Our experiments are performed under conditions
where we demonstrate the existence of a dissolution—
reprecipitation process within a boundary layer at the
mineral—water interface, allowing the simultaneous dissolution
of calcite and precipitation of a selenium phase. This coupled
process may control the localization of selenium in natural
environments. It also provides a new mechanism for selenium
trapping on calcite. More generally, our direct observations
show that fluid-rock reactions can be controlled by mechanisms
occurring in a fluid boundary layer at the mineral surface,
confirming the crucial role of the mineral—water interface
where the reactions between minerals and their environment

take place.”

B METHODOLOGY

Solutions and Calcite. A calcite crystal (Iceland spar,
Vizcaya, Mexico) was obtained from the Natural History
Museum in London. ICP-OES (inductively coupled plasma—
optical emission spectroscopy) revealed the high purity of the
crystal, with only trace amounts of Mn (31 ppb), Mg (2.8 ppb),
and Sr (11.4 ppb) detected. Rhombohedral fragments (ca. 4 X
2 X 1 mm) were cleaved directly before each experiment from
this single calcite crystal, parallel to the (10—14) cleavage plane.
Two kinds of aqueous solutions were used in the dissolution
experiments. First, selenium-free freshwater solutions with
controlled pH, between 7 and 9, and ionic strength equal either
to zero or to 2.6 X 107> M were injected in a flow-through fluid
cell to dissolve the calcite surface. These solutions were
prepared using doubled deionized water (resistivity >18 mQ
cm™") directly before each experiment. Sodium chloride and
sodium hydroxide were used to adjust ionic strength and pH,
respectively. Then, solutions with selenium(IV) or (VI)
oxyanions at a 70 or 200 ppm concentration, with the same
pH and ionic strength as the aqueous solutions initially used,
were injected in the fluid cell (see Table 1). The selenium
solutions were prepared from salts of sodium selenate (Merk)
and pentahydrate sodium selenite (Fluka) dissolved into double
deionized water. The pH and salinity were adjusted according
to thermodynamic simulations using the PHREEQC soft-
ware.”® As well, the pH of several solutions was measured
independently using a pH meter, confirming the PHREEQC
simulation results.

Atomic Force Microscopy. The calcite surfaces were
scanned using a Bruker Multimode Atomic Force Microscope
(AFM) operating in contact mode. The experiments were
performed in situ within an O-ring sealed flow-through fluid
cell from Digital Instruments. At regular time intervals between
each scan (lasting 1.5 min), the fluids were injected with a
syringe, giving an effective flow rate of 22 yL s™'. Prior test

Table 1. List of AFM Experiments, Composition of the Two
Fluids Injected, and Observations of Precipitates”

exp. water selenium fluid SEM/
no. solution solution observations sampl. Raman
Sel3 pH=7 200 ppm  formation of many
Se precipitates that cover the
I8S=0 pH=91 sufce
IS=76
x 1073
Sel4 pH=7 200 Fprn formation of small yes
SeVD precipitates
IS=0 pH=7
IS=76
X 1073
SelS pH=7 200 ppm  many precipitates that grow yes
Sel™ in etch pits and near steps
IS=0 pH =9.1
IS=76
x 1073
Sel6 pH =73 70ppm  randomly located tiny
(meas.) SelVD precipitates (<100 nm)

IS=26 pH=6S
x 1073 (meas.)

IS=26
X 107°
Sel7 pH=8S5 70 ppm many precipitates nucleate on yes
(meas.) Se™ the obtuse angle of the etch

pits; large precipitates form
after 1 h and cover the
whole surface

IS=26 pH=85
x 1073 (meas.)

IS =26
x 107°
Sel8 pH=85 70 ppm same as Sel7 yes
(meas.) Sel™)
IS=26 pH=8S
x 1073 (meas.)
IS=26
x 1073
Sel9 pH=73 70ppm few tiny precipitates (~100 yes yes
(meas.) SelVD nm diameter)

IS=26 pH=73
x 1073 (meas.)

IS =26
x 1073
Se20 pH =85 70 ppm few tiny precipitates
(calc.) SelVD

IS=26 pH=8S
x 1073 (calc.)

IS=26
X 107°
Se21 pH=7 70 ppm same as Sel7 yes
(calc.) Se™
IS=26 pH=7
x 1073 (calc.)
1S =20
x 107
Se22 pH=85 70 ppm same as Sel7 yes
(meas.) Sel™)

IS=26 pH=85
x 1073 (meas.)
IS=26
x 107
“Samples where the fluid composition was analyzed are indicated, as
well as those for which SEM and Raman studies were performed.

experiments using gravity feed continuous flow with constant
solution height were made to confirm the observations.
Furthermore, this flow rate ensures that there is no significant
influence of the diffusion to the bulk on the dissolution process,
as inferred from the fact that the measured dissolution rate is
not affected when increasing the flow rate above this value (see
for example Ruiz-Agudo et al.**). AFM images were collected
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using Si;N, tips (Veeco Instruments, tip model NP-S20) with
spring constants of 0.12 N m™" and 0.58 N m™'. Images were
analyzed using the NanoScope software (version $5.31rl).
Measurements of step retreat velocity (or etch pit spreading
rate) were made from sequential images scanned in the same
direction. The retreat velocity vy, (nm s™") given by vy, = (v,
+ v_) (where v, and v_ are the retreat velocities of + and —
steps, respectively) was calculated measuring the length
increase per unit time between opposite parallel steps in
sequential images.

For representative experiments (see Table 1), the outlet fluid
was sampled, collecting a sequence of four aliquots of 10 mL
(the outflow from five consecutive scans) that were later
analyzed for calcium and selenium concentration using ICP-
OES.

Raman Spectroscopy. A Raman spectrometer (Horiba
XploRA) operating with the 532 nm line of a Nd:YAG laser
was used for the analysis of surface precipitates on calcite after
contact with selenium-bearing solutions. Reference spectra for
the calcite sample, the sodium selenate, and the pentahydrate
sodium selenite were taken with a 500 gm hole, 100 um slit,
and 1800 grooves per millimeter grating (see Supporting
Information). Each spectrum was taken for 2 s, 30 times, and
the results were averaged to increase the signal-to-noise ratio.
Then three samples (Sel4, Sel7, and Sel8) that had
undergone interaction with selenium were selected for Raman
investigations. Spectra were taken with a 100 ym hole, for 30 s,
20 times. For each of these three samples, a flat area and etch
pit areas were measured to search for Raman bands
characteristic of selenate or selenite vibrations. The spectra
were corrected for system drift using the 520.7 nm Raman band
of silicon taken at the beginning and the end of the Raman
measuring session. The Fityk program®' was used to remove
the background using a linear function followed by fitting the
Raman bands using a Voigt function.

Scanning Electron Microscopy Observations. Five
samples used in AFM experiments (Sel4, SelS, Sel7, Sels,
Sel9) were left in S mL of the corresponding selenium-bearing
solution for 12 h to ensure that equilibrium between the solid
phases and the fluid had been reached and then immediately
dried by absorbing the fluid with filter paper. They were then
left for 30 min in an oven at 50 °C to remove adsorbed water
and coated with a 20-nm-thick layer of carbon. Observations
were made with a JEOL JSM-6610LV scanning electron
microscope (SEM) operating at 15 kV. EDX (energy dispersive
X-ray analysis) was performed in the SEM using Oxford
Instruments Inca software.

Geochemical Modeling Using PHREEQC Software.
Solution composition and ion adsorption (by surface exchange
reactions) upon contact of calcite with the selenium-bearing
solutions used in the AFM experiments was simulated using the
hydro-geochemical software PHREEQC, version 2.18.3.5570.
The minteq dat database was supplemented with data for the
hydrolysis and soluble complexes of Se species available in the
literature (Tables S1 and S2). Thermodynamic data of the most
likely calcium selenate and selenite phases were also taken from
the literature.”> Surface exchange of selenite with carbonate on
calcite was simulated using exchange constants and surface site
density (1.02 X 107° sites m~2) from Cowan et al?

B RESULTS AND DISCUSSION

Effect of Selenium on Calcite Dissolution. Direct in situ
observations show that when in contact with water at the same

13471

pH and ionic strength of selenium bearing solutions, the (10—
14) calcite surface starts dissolving along steps that retreat and
through the formation of etch pits with typical rhombohedral
shapes (Figure 1a; e.g., refs 24 and 11). Measured retreat rates

water, pH 8.5 ¢

.. Se(VI)it, + 7200
" . 70'ppm, pH'8.5

2 pm

3 uim

Figure 1. In-situ Atomic Force Microscopy (AFM) images of calcite
surfaces during dissolution in a flow-through cell. (a) Dissolution with
selenium free water, showing typical rhombohedral etch pits. (b)
Dissolution in the presence of selenate (se™), 70 ppm, same pH as in
a, showing the formation of tiny precipitates. (c, d) Dissolution in the
presence of selenite (Se™), at 200 or 70 ppm concentration, showing
massive precipitation on the calcite surface. Precipitates mainly localize
along steps or in etch pits where dissolution is faster. ¢, corresponds to
the time of selenium injection.

(vgm) in water ranged between 1.3 and 3.3 nm s~'. These
values agree well with previously published values of etch pit
spreading or retreat rates for calcite in dilute solutions at
circumneutral pH (see, for example, the review by Ruiz-Agudo
and Putnis'' and references therein). Measured values in
selenium-bearing solutions ranged from 2.1 up to 4.2 nm s™". In
general, the presence of both Se™ and Se™ tended to
increase the etch pit spreading rate, although in the presence of
Se™), faster etch pit spreading rates were measured. As well,
increasing the concentration of selenium from 70 up to 200
ppm resulted in higher values of etch pit spreading rate. No
significant effect was observed upon increasing the pH up to 9.

Note that the fluid injected has the same pH and ionic
strength as the initial selenium-free solution, so any effect
observed in the kinetics of calcite dissolution is exclusively due
to the presence of selenium in the solution. It has been shown
that SeO,*” ions adsorbs chemically onto (10—14) calcite
surfaces with their oxygen triangular base lying on the (0006)
plane via surface ion exchange of up to 2% of the carbonate
groups at the surface,”>** while just trace amounts of selenate
are adsorbed onto the carbonate site of calcite. One possible
explanation for our observations is that the adsorption of these
Se species enhances dissolution by lowering the activation
energy for detachment of Ca at the step edge. The evidence for
this is as follows: (1) Sorption of an anion has been shown to
aid attachment/detachment of cations from planar mineral
surfaces.” (2) Cation detachment from steps has been shown
to be rate-limiting.”” (3) The composition of the solution (e.g,,
the presence of foreign ions or electrolytes) can change step
velocities.”**** This evidence tends to indicate that specific
adsorption of Se at step edges (and preferentially selenite due
to its shape matching) aids the rate-limiting detachment of Ca
and hence increases the dissolution rate. This mechanism also
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explains the immediate formation of Ca—Se precipitates near
the step edges during dissolution because if there are
preadsorbed Ca—Se complexes forming as the steps retreat,
the saturation needed for heterogeneous nucleation would be
lower. Furthermore, the higher rates measured in the presence
of Se™ compared to Se") could present indirect evidence of
either enhanced Ca release through preferential anion
adsorption or a more distorted surface structure in the former
case and could be explained by considering the higher amounts
of Se™) adsorbed on calcite surfaces. Another possible and
likely explanation would be that the calcite rate of dissolution is
promoted in the presence of selenium by a simple
physicochemical effect, i.e., the consumption of liberated Ca**
forming Se—Ca-bearing complexes and clusters. This allows the
fluid to be more depleted with respect to calcium and
maintained far-from-equilibrium conditions compared to Se-
free solutions and hence promote further dissolution, as
evidenced by increased etch pit spreading rates in the presence
of selenium-bearing solutions.

AFM Imaging of the Growth of Ca—Selenite and Ca—
Selenate Phases onto Calcite Cleavage Surfaces.
Together with a faster dissolution, as soon as selenium-bearing
solutions with a fixed concentration of selenium oxyanions (70
or 200 ppm) were introduced into the fluid cell, precipitates
were immediately observed forming on the calcite surfaces. In
our experiments, nucleation and precipitation occurred
predominantly at multiple step edges such as the deep etch
pits seen in Figure 2. Small, scarce particles, less than 100 nm
wide and possibly smaller and several nanometers thick,
precipitate when a selenate (Se(*") solution is injected (Figure
1b) and remain as such (ie., no further growth was detected in
the AFM images) after 1 h of continuous flow of the selenate-
bearing solution. Conversely, when selenite (Se™) solutions
are injected into the fluid cell, large amounts of precipitates
form, covering the whole scanned surface in less than 1 h of
continuous solution flow. These precipitates initiate as small
particles that slowly grow into platy forms up to 500 nm long
(Figure 1c), limited by well-defined straight edges. This is an
indication of its possible crystalline nature. They nucleate
predominantly along dissolving step edges or inside deeper etch
pits where multiple step edges exist on the calcite surface
(Figure 1d). Figure 2 shows a time sequence of a S X S ym
surface area upon injection of the selenite-bearing solution. It
was found that nucleation starts immediately after the injection
and the precipitates form while calcite is still dissolving (note
that etch pits are still expanding while the new phase was
nucleating). The adhesion of this new phase to the calcite
surface was initially weak, as revealed by the fact that some
particles were moved by the tip of the AFM during scanning.
After several minutes, adhesion to the substrate underneath is
strong enough to avoid this effect. After a couple of minutes,
the precipitates reach a thickness of several nanometers (see
below) and, occasionally, thicknesses of up to 350 nm were
measured upon long reaction times (Figure 3a).

Identification of the Precipitate. AFM gives topo-
graphical analysis of a surface and direct observations during
experiments. However, so far during in situ AFM experiments
in a fluid cell, simultaneous chemical analysis of the surface is
not possible. Therefore, chemical analysis and phase identi-
fication had to be performed ex situ. In order to verify the
composition of the precipitates formed during dissolution of
calcite in the presence of selenium-bearing solutions, SEM and
Raman spectroscopy analyses were performed once the crystals

'y

t, = injection 70 ppm Se(IV)

Figure 2. Time-lapse in situ AFM images of calcite surfaces during
dissolution—precipitation in a flow-through cell. Top: the calcite
surface displays a typical dissolution pattern, with retreating steps and
a large etch pit on the top left of the picture. t, corresponds to the
injection time of a solution containing 70 ppm selenite. Middle: After
98s, some precipitates have formed, mainly along steps and in the etch
pit. Bottom: Same surface after 290 s. In these images, the etch pit
grows, indicating calcite dissolution, and at the same time,
precipitation of a selenium phase occurred, demonstrating a coupled
dissolution—precipitation process.

were taken from the AFM fluid cell and dried. Unfortunately, in
the case of selenate, the particles were too small to identify their
composition by EDX or Raman spectroscopy. In fact, Raman
analysis shows no band other than those belonging to the
calcite substrate on the surface that was reacted in the presence
of Se. However, for selenite some large precipitates (Figure
3a) could be analyzed by these means. Raman spectra of these
particles showed two bands at 752 and 832 cm™" not observed
in the case of pure calcite (Figure 4). These peaks are slightly
shifted to higher wavenumbers than the bands in sodium
selenite (Figure S1), consistent with the difference observed in
carbonate compounds between sodium and calcium bearing
phases (see Supporting Information). Thus, the precipitated
phase is interpreted to be a calcium-bearing selenite phase. The
presence of broad bands in comparison to the sharper bands
present in the sodium selenite reference spectrum indicates that
the precipitated phase was not highly crystalline. Additionally,
EDX analysis clearly shows the presence of selenium and
calcium in the precipitate, confirming the information obtained
by Raman spectroscopy. Furthermore, ICP-OES analyses of the
solutions collected after exiting the AFM flow-through cell
showed a decrease in the concentration of calcium when Se™
solutions are injected into the fluid cell compared to the
concentration measured in selenium-free solution (Figure S2).
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Figure 3. (a) AFM image of a selenium-rich phase that has
precipitated from a 70 ppm selenite solution. The precipitate is 3
pum wide and 350 nm thick. (b) SEM image of a selenium-rich phase
that has precipitated in an area with several steps on a calcite surface.
The inset displays an EDX element map of selenium in the same
image, demonstrating that selenium was incorporated into the
precipitate.
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Figure 4. Raman spectra of the calcite crystal used for the experiments
and the selenium precipitates (see Figure 3b). The peaks
corresponding to the selenite stretching modes are also indicated
and are located in the range of other selenium phases (see the
Supporting Information).

As well, it was found that the concentration of selenium
decreases with time during the dissolution experiments
performed using these solutions. This indicates that both
Ca®* and Se™) were retained in the cell, possibly forming a Ca
selenite phase. This phase is most likely CaSeO5-H,O, which is
the most stable calcium selenite phase within the range of pH 3
to 12.2** Conversely, the concentration of selenium in the
outflow of the AFM experiments performed using Se(V)
solutions mostly remained constant (within the limits of
measurement error), indicating no removal of Se") in
agreement with AFM observations showing limited precip-
itation in these experiments (Figure S2). Also, calcium
concentration in the outflow of these experiments remained
approximately constant or even showed an increase compared
to the values measured in pure water, which is an indication
that in this case, no detectable calcium precipitation takes place.

Epitaxial Relationships between Ca-Selenite and
Calcite. The larger flatter particles formed on the calcite
surface in the presence of Se™) appear oriented on the
substrate and tend to elongate following specific directions
(Figure S), possibly implying some degree of crystallographic
control on the nucleation and growth of the calcium selenite
phase by the underlying calcite surface (i.e., epitaxy).

Figure S. Left: AFM image showing the epitaxial growth of the
selenium precipitate. Right: Potential epitaxial relationship between a
calcite cleavage surface and CaSeO;-H,0O simulated using the SHAPE
software.

In particular, Ca-selenite precipitates seem to orientate and
elongate parallel to the short diagonal of the rhombohedral
dissolution etch pits formed on calcite, ie. the [-4—21]
direction. Possible epitaxial relationships were studied consid-
ering that CaSeO;-H,O is the likely phase formed during AFM
experiments. Calcium selenite monohydrate crystallizes in the
monoclinic system, space group P2,/c. The unit cell parameters
are a = 7.622, b = 6.745, ¢ = 7.922 A and 8 = 108.46°. A sketch
of the CaSeO;-H,O structure and its calculated morphology is
shown in Figure S. A good structural matching was found
between the [—4—21] direction in calcite and the [001]c,g.
direction. The Ca—Ca distance along the [—4—21] direction in
calcite is 4.084 A. In the CaSeO5-H,O structure, zigzag calcium
chains run approximately parallel to the [001] direction, with a
Ca—Ca distance of 4.234 A.

Additionally, the Ca—Ca distance along the [010] direction
in CaSeO;H,0 was found to be 6.745 A, which approximates
well the Ca—Ca distance along the [—441] direction in calcite
(6.425 A). However, simultaneous matching along both sets of
directions is highly unlikely, as the angular misfit is significant
(51° vs 69°). This could explain why continuous Ca selenite
epitaxial layers are not observed on calcite surfaces but thick
3D-crystals that elongated preferentially parallel to the —-421]
direction of calcite are. Nevertheless, a likely epitaxial
relationship was simulated using the SHAPE software
(http://www.shapesoftware.com/) considering the following
epitaxial relationship between calcite (Cc) and CaSeO;-H,O
(CaSe): (10—14)I(100)c,g. and [—4—21]MI[001]c,s. (Fig-
ure S). Note that the (100)c,s. plane contains both the [010]
and [001] directions, and the (10—14)., plane contains both
the [—4—21] and [—441] directions.

Height values of calcium selenite islands measured in AFM
experiments range from a minimum of ca. 1.5 nm up to 14.5
nm after around 1 h of reaction. The values most frequently
found were ca. 3.7, 44, 5.7, and 6.2 nm (Figure S).
Interestingly, these heights are approximately integer multiples
of the thickness of half a CaSeO;-H,0 monolayer (in the
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direction perpendicular to the (100) plane), which would be in
agreement with the proposed epitaxial relationship. Never-
theless, this needs further confirmation by diffraction (2D-
XRD) or spectroscopic (e.g,, 4-XRD, y-XAS, and/or y-FTIR)
techniques, a topic of possible future investigations.

The existence of a structural matching between calcite and
CaSeO;-H,0 is an important factor to consider when studying
the selenium sequestering capability of calcite, particularly in
flow-through systems. From an energetic point of view,
heterogeneous nucleation (on the calcite substrate) is a more
favorable process than homogeneous nucleation in the bulk
solution. Furthermore, CaSeO;-H,O precipitation at low
supersaturation will be facilitated by epitaxial nucleation as a
result of the good matching between CaSeO;-H,0 and calcite
structures. This will in turn enhance the removal of Se™ from
aqueous solutions.

Dissolution—Crystallization Pathway for Selenium
Removal from Aqueous Solutions: Thermodynamic
Drive and the Role of the Fluid Boundary Layer. Initially,
all solutions used in dissolution experiments were under-
saturated with respect to any possible precipitating phase. The
absence of Ca’* and CO;*” in the injecting fluid ensured far-
from-equilibrium conditions with respect to the calcite surface,
so that it will immediately dissolve once in contact with Se-
bearing solutions. The adsorption process was simulated with
PHREEQC using two approaches: exchange with the selenite
solutions (a) before contact with calcite (i.e., as if all adsorption
would take place before calcite starts dissolving, no carbonate
or bicarbonate ions in solution) and (b) after equilibration with
calcite (ie, as if calcite dissolution is fast compared to
adsorption). As our experiments were performed under
constant flow, equilibrium with respect to calcite would not
be reached. Thus, the real situation will be constrained by these
two extreme cases. These simulations are used exclusively to
determine the amount of selenite adsorbed onto calcite.
Subsequently, the initial solution composition was modified
by subtracting the amount of selenium adsorbed from the initial
amount in the solution. However, both simulations gave the
same results. In our case, the small surface area of the calcite
fragment (considered here as the geometric surface area of a
typical crystal used in the AFM experiments exposed to the
solution, 26 mm?) results in a small number of effective sites for
exchange and thus in limited selenite adsorption compared to
the initial number of moles of selenium present in solution
(Table S1). Nevertheless, if the adsorption takes place on a
substrate of higher surface area, this process may be more
important.

PHREEQC simulations of the interaction between calcite
and Se-bearing solutions (under conditions similar to those of
our AFM experiments) indicate that if calcite dissolves until
equilibrium in a 70 ppm Se(™) solution is reached, the resulting
solution is undersaturated with respect to any possible phase,
including the most stable Ca-selenite phase (CaSeO;-H,0).
The same applies for a 200 ppm Se™) solution, as well as the
70 and 200 ppm Se™V solutions. Saturation states with respect
to the relevant phases found in these simulations are given in
the Supporting Information (Table S3). The scenario
considered above assumes that all of the dissolved calcite will
mix with the entire solution and a solid in equilibrium with this
solution will precipitate. This is however, an oversimplification.
In most of the cases, dissolution and precipitation processes are
confined to a fluid boundary layer at the reaction interface with
a different composition from the bulk. The existence of such an

interfacial fluid layer, defined by steep cation concentration
gradients close to the surface of the mineral, was observed by
Putnis et al.>" during mineral replacement reactions using real-
time phase-shift interferometry. Thus, we performed a second
set of simulations considering that the reaction process takes
place in a series of small reaction steps (see Supporting
Information, Table S4). In each of these steps, a calcite
monolayer (i.e., 0.3 nm thick) from a 4 X 3 X 1 mm crystal (2.1
x 107'° moles) dissolves in a thin layer of solution of defined
thickness (from 1 nm to 1 mm). Although this scenario is still a
simplification, as it is considered that the composition within
the thin layer of fluid is homogeneous, it is a closer approach to
reality. The saturation state of this fluid layer of the different
experimental solutions with respect to possible precipitating
selenium-bearing phases was calculated assuming that no
precipitation takes place (Table S4). It was found that for
thicknesses smaller than 10 gm, this fluid layer in the Se(™
solutions is supersaturated with respect to CaSeO;-H,O.
However, it remains undersaturated with respect to any
possible phase in the case of Se"? solutions, regardless of
the thickness of the boundary layer considered or the selenium
concentration. This is consistent with the idea that, generally,
the more oxidized selenium species are more soluble.”

PHREEQC calculations are fully in agreement with our AFM
observations and provide indirect evidence of the existence of a
fluid boundary layer in close contact with the mineral surface
whose composition will ultimately determine the progress of
coupled dissolution—precipitation reactions. Furthermore, in
this case, the fact that the nucleation of the Ca-selenite phase
occurs preferentially in areas of high step density is consistent
with a local faster release of Ca to the solution in contact with
the surface in these areas, and not enough time to equilibrate by
diffusion to the bulk solution before the buildup of enough
supersaturation with respect to the secondary phase, that then
precipitates. The chosen flow rate ensured that diffusion within
the bulk solution was minimal. Thus, it seems clear that the
interaction of Se™) solutions with calcite is an interface-
coupled dissolution—precipitation process.>>*> Similar coupled
processes have been recently described, for example, by Daval
et al>* during the carbonation of wollastonite, Hovelmann et
al.*® from direct observations of the precipitation of a hydrated
M§CO3 phase during the carbonation of brucite, Ruiz-Agudo et
al ¢ during the dissolution of wollastonite, and Urosevic et al¥’
during the coupled dissolution of dolomite and the
precipitation of another Mg-carbonate phase. In these previous
described examples, the bulk solution flowing out of the
reaction cell was, as in the present case, undersaturated with
respect to any phase, but nevertheless a precipitate was
observed forming on the surface.

Implications and Environmental Relevance. AFM is
used in this study as the optimal technique for elucidating the
mechanisms of fluid—mineral interactions by directly observing
processes in action (e.g., see the review by Ruiz-Agudo and
Putnis,'" and references therein). Upon contact with Se™)
bearing solutions, calcite dissolves by nucleation and spreading
of etch pits, while, simultaneously, a precipitate (most likely
calcium selenite, CaSeO;-H,0) nucleates and grows on the
surface. However, calcite dissolution in the presence of Se("V
does not result in any significant precipitation. Thus, our results
suggest that Se™ s selectively retained in a new phase on
calcite surfaces (as opposed to Se("?) during calcite dissolution.
Interestingly, Renard et al.'® have also found that during calcite
growth, selenite (Se(w)) is incorporated into growth hillocks,
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whereas selenate (Se"?) is not. In this case, the explanation for
this selective behavior is given by the differences in the Se(™)
and Se("V coordination, as both oxyanions have a similar charge
(2-). The selenate anion SeO,*” has a tetrahedral shape, while
the selenite SeO;*” anion assumes a pyramidal-trigonal
coordination in solution and thus would be easier to
incorporate into a growing calcite step edge by substituting
the planar trigonal carbonate group. However, during calcite
dissolution a likely scenario for selenium removal must consider
selenite adsorption and, more importantly, the formation of a
calcium selenite precipitate, despite the fact that the bulk
solution is undersaturated with respect to any selenite or
selenate phase. Initially, calcite dissolves by the formation and
spreading of rhombohedral etch pits, releasing Ca** and CO5*~
to the solution. The solution in contact with the mineral locally
becomes supersaturated with respect to the Ca selenite phase
(CaSeO4-H,0), which then precipitates. The growth of this
calcium selenite phase is facilitated by the good epitaxial
matching between this phase and calcite. Its precipitation
decreases the calcium concentration of the fluid in contact with
the mineral surface, and calcite continues to dissolve—as seen
in the spreading of the rhombohedral etch pits.

Our study shows that calcite could be used successfully for
selectively removing Se™ from aqueous solutions by a
dissolution—precipitation process. Therefore, calcium carbo-
nate could be employed as an effective barrier to clean polluted
waters containing excess Se, such as acid mine drainage. These
dissolution—precipitation processes would continue while
enough Se is present or if the flow is continuous, and if the
solution is in contact with the fresh, unreacted calcite substrate.
It was observed that during the experiments the calcite surfaces
became increasingly covered by the precipitating Se phase. This
could lead eventually to passivation of the calcite surface in
time. However, if porosity or other fluid pathways are generated
during the reaction the selenium bearing solution will be
continuously in contact with the unreacted calcite. Never-
theless, a substrate of high surface area, such as finely crushed
limestone, could be more effective as it would provide more
nucleation and precipitation sites.

Finally, these results also imply that calcite—a ubiquitous
mineral at the Earth’s surface, in the form of limestones—may
have already played a significant role as a sink of Se™ from
ocean waters given its ability to trap Se™ oxyanions under
both close-to-equilibrium and highly undersaturated conditions
(through a dissolution—precipitation process), providing an
explanation for the higher SeVD) signature of the ocean
chemistry."
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The chemical analysis of fluid composition and thermodynamic
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