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ABSTRACT: Calcite is the most stable polymorph of calcium
carbonate (CaCO;) under ambient conditions and is ubiquitous in
natural systems. It plays a major role in controlling pH in
environmental settings. Electrostatic phenomena at the calcite—
water interface and the surface reactivity of calcite in general have
important environmental implications. They may strongly impact
nutrient and contaminant mobility in soils and other subsurface
environments, they control oil recovery from limestone reservoirs,
and they may impact the safety of nuclear waste disposal sites.
Besides the environmental relevance, the topic is significant for
industrial applications and cultural heritage preservation. In this
study, the structure of the calcite(104)—water interface is
investigated on the basis of a new extensive set of crystal
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truncation rod data. The results agree with recently reported structures and resolve previous ambiguities with respect to the
coordination sphere of surface Ca ions. These structural features are introduced into an electrostatic three plane surface
complexation model, describing ion adsorption and charging at the calcite—water interface. Inner surface potential data for calcite, as
measured with a calcite single crystal electrode, are used as constraints for the model in addition to zeta potential data. Ion
adsorption parameters are compared with molecular dynamics simulations. All model parameters, including protonation constants,
ion binding parameters, and Helmholtz capacitances, are within physically and chemically plausible ranges. A PhreeqC version of the
model is presented, which we hope will foster application of the model in environmental studies.
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INTRODUCTION

Calcite is the most stable polymorph of calcium carbonate
(CaCO;) under ambient conditions' and one of the most
abundant minerals in the Earth’s crust.” Whenever present,
calcite plays a major role in controlling the pH of soils and
sediments, ground and surface waters, and even the oceans.
Through sorption, recrystallization, (co)precipitation, and
dissolution reactions, calcite influences the behavior of nutrients
and contaminants in soils, sediments, and water bodies. Surface
complexation reactions and concomitant charging phenomena
at calcite—water interfaces represent important details with
respect to the environmental reactivity of calcite. For example,
they may have a direct impact on rock weathering.” Moreover,
they affect the wetting behavior of calcite with respect to crude
oil and are therefore crucial for oil recovery from limestone
reservoirs* and its environmental implications. In the surround
ings of nuclear waste disposal sites, calcite is a major constituent
of clay formations considered as potential host rocks and a
fracture filling material in potential granitic host rocks. Thus,
calcite may sequester radionuclides and thereby impact their

dispersion from the waste after canister failure.”™® Calcite
charging phenomena influence, for example, colloidal particle—
particle interactions, which are of importance in the cement ,’
paper , and other calcite (or limestone) processing industries as
well as for cultural heritage preservation and restoration
applications.

Numerous investigations of charging at the calcite—water
interface and corresponding surface complexation models
(SCMs) have been published over the past several decades,
ranging from initial constant capacitance models®™' via our
previous Basic Stern models”'' ™" to elaborate three plane
models (TPMs).'*™'° In this study, we revisit the molecular
scale structure at the calcite(104)—water interface by means of
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crystal truncation rod (CTR) data and compare the
experimentally determined Debye—Waller parameters with
computational predictions obtained from molecular dynamics
(MD) simulations. (Inner )Surface potential data for the
calcite—water interface, as measured with a calcite single crystal
electrode (SCrE), are also presented. New surface potential and
previous zeta potential data,'' measured in the Na—Cl—-Ca—C—
H,O system under, or close to, equilibrium conditions over a
wide range of environmentally relevant conditions, are used to
parameterize an electrostatic TPM. The model is kept as simple
as possible in order to constrain the number of adjustable
parameters and to enable application of the model in common
speciation codes. To this end, a PhreeqC implementation of the
model is provided. Most model parameters are justified on the
basis of structural details, e.g., via the MUSIC equation,'” by
comparison with thermodynamic data for aqueous complexes as
well as by comparing the ion binding constants obtained with
those predicted by MD simulations using both rigid ion and
polarizable force fields. With this new model, we present an
SCM for calcite in which all parameters are within physically and
chemically plausible ranges. Indeed, the main objective of the
manuscript is to present a new SCM for calcite that offers a
realistic representation of ion interactions at the calcite—water
interface and is readily applicable for future environmental
studies.

MATERIALS AND METHODS

Equilibrium solutions of calcite were prepared as previously
described.'" In brief, equilibrium compositions were calculated
using PhreeqC (Version 3)'®'? and the PSI/Nagra thermody
namic database (PSINA.dat’’). Solutions were stirred and
percolated with air until the expected equilibrium pH was
reached. pH was measured using Orion Ross semi micro glass
pH electrodes, which were calibrated against at least four Merck
Titrisol buffer solutions. For CTR measurements, a 10 mmol/L
RbBr solution was equilibrated with calcite and air (pH 8.2).
The expected composition of this solution is shown in Table S1
(Supporting Information, SI) in the last column. The original
aim of using RbBr was to enhance the X ray contrast of the
background electrolyte ions compared to NaCl. However, upon
comparison, no significant difference from the previous data
measured in NaCl solution was observed. The only obvious
difference was that the crystal surface prepared for these new
measurements was considerably less rough, which led to
increased diffracted intensities between the Bragg peaks (cf.
(00L) CTRs depicted in the SI, Figure S1).

CTRs were recorded at the 13 ID C Beamline, Advanced
Photon Source, (GSECARS, The University of Chicago).
Measurements, data reduction, and structure refinement were
performed as previously described.'"””' The interfacial structure
was optimized to minimize a weighted y* function:

XZ =1/(n— P)Zi((E)bs_i - ‘F;alc_i)/‘l:;rr_i)zl
where 7 is the number of data points (= 570); p is the number of
adjustable parameters (= 66); the index i runs over all data
points; and F, F.,, and F,, denote measured and calculated
structure factor amplitudes and the related uncertainty,
respectively. A section of the (—20L) CTR was measured
repeatedly, as so called fiducial scans, before, throughout, and
after the data collection in order to verify sample stability over
the duration of the measurements. Symmetry equivalent CTRs

((0 1 L); (0 2 L)) were measured in order to assess the
systematic uncertainty associated with the measurements.

MD simulations were used to compute the ion binding
constants at infinite dilution for selected ions on the calcite basal
plane in the presence of water. Multiple walker, well tempered
metadynamics simulations using the PLUMED 2777 plug in
were used to determine the free energy profiles from which the
ion binding constants were extracted. Unbiased MD simulations
of electrolyte solutions were also used to assess the effect of finite
concentrations. The atomic interactions were described using
previously derived rigid ion (RigidFF) and polarizable
AMOEBA force fields, which were both developed to accurately
reproduce the thermodt?'namics of the ions in solution and the
solubility of calcite.”””* All MD simulations with the RigidFF
and AMOEBA force fields were performed with LAMMPS™
and OpenMM,™ respectively. Vibrational amplitudes for the
water molecules adsorbed on the calcite surface, which are
compared with interface structural Debye—Waller parameters
from CTR analysis, were extracted from previously reported
simulations®’ that used the same force fields. In the case of
chloride adsorption, these classical MD simulations have also
been complemented by ab initio molecular dynamics (AIMD)
based on dispersion corrected density functional theory at the
BLYP D3/TZV2P level in order to validate the likely existence,
or not, of contact binding to the calcite surface. Full details of the
simulation methods, including the models for the calcite water
interface, are given in the SI.

Solutions for SCrE measurements were prepared with NaCl
as the background electrolyte. Solution compositions for
equilibrium measurements are reported in Table S1. SCrE
measurements were performed in thermostat controlled vessels
at 25.0 °C. During potentiometric SCrE titrations, solutions
were stirred for 15 min after every solution addition. The stirrer
was switched off during surface potential measurements.
Acidimetric and alkalimetric titrations were carried out in 1
mmol/L NaCl solution with HCl,; and NaOH,,,), respec
tively. Experiments involving CaCl, and Na,CO; addition were
performed starting from 10 mmol/L NaCl solution at pH 10.0 +
0.5. Non equilibrium measurements were performed under an
Ar atmosphere.

An SCrE was built from a cleaved calcite single crystal
(Iceland spar from Chihuahua, Mexico) with a size of
approximately S mm X S mm X 1 mm. The natural Iceland
spar crystals are chemically very pure and contain only minor
amounts (<3000 ppm) of fluoride, chloride, and sulfur.”
Sketches and images of the experimental setup for SCrE
measurements and a short description of the measurement
procedure are provided in the SI (Figure S2). SCrE potentials
were measured against a reference electrode inside a
combination glass pH—electrode (6.0234.100, Metrohm),
which is immersed in the same solution and used for
simultaneous pH measurements, as previously described.**™>*

SCM development was based on PhreeqC.'? The PhreeqPy
wrapper around PhreeqC (www.phreeqpy.com) was combined
with the optimization tool used for CTR interface structure
refinement”’ to build new GUI based software, P°R (Python
PhreeqC Parameter Refinement). This tool employs a simplex
algorithm™ for the optimization of chemical model parameters.
It enables statistical parameter analyses similar to the USGS
software UCODE.”” The software developed here will be made
available by the corresponding author upon request. Four layer
model (FLM) calculations, similar to the recent implementation
reported in Gil Diaz et al,*® were performed with a custom
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Figure 1. (a) CTR data (black circles), best fit model (solid black line), and bulk termination model (thin dashed line). Error bars on CTR data are
smaller than the symbols (cf. also Figure S1). (b) Ball and stick representation of the best fit calcite—water interface structure (oxygen: red, carbon:
gray, calcium: blue green). Note that hydrogen atoms of surface water molecules are not shown because X ray scattering measurements are not
sensitive to hydrogen positions. Projections of the interface structure are along the surface crystallographic b (left) and @ (middle) directions. These
crystallographic orientations are related to the previously defined surface unit cell,' ' which transforms the calcite(104) plane (hexagonal system) into a
(002) plane (pseudo monoclinic unit cell). The right image highlights the nearly perfect coordination octahedron around surface calcium ions. The
dotted lines, annotated with bond distances, are the bond lengths relevant for MUSIC'7 calculations.

Python code, which was benchmarked against PhreeqC (cf.
Figure S3).

RESULTS AND DISCUSSION

Interface Structure. The CTR data, model, and corre

sponding best fit structure are depicted in Figure 1. A simplified
version of a CIF file (all atoms, P1 symmetry) containing the
interface structure, as depicted in Figure 1,is provided at the end

of the SI. Fiducial scans and symmetry equivalent CTRs are
reported in the SI (Figures S4 and S5). The fiducial scans
corroborate that the interface was stable and remained unaltered
throughout the measurements. The symmetry equivalent CTRs
indicate that there are negligible systematic errors. On the basis
of these data, a constant relative error of 5% was assigned to the
integrated structure factor amplitudes instead of relying on
counting statistics for uncertainty estimation.
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Figure 2. Inner surface potential data, as recorded with the calcite SCrE, and best fit model calculations. The confidence interval (+ 16) for the SCM is
indicated with thin solid lines. (a) Fast pH titration; no equilibrium with bulk calcite and atmosphere. The alkalimetric data was chosen as the best

representation for low pH conditions. For high pH conditions, the acidimetric titration data was used. (b) pH,

eq 2djusted in separate suspensions to

achieve equilibrium with calcite and atmospheric CO,. (¢, d) Na,CO; and CaCl, addition experiments at pH 10.0 = 0.5, respectively.

The model for the description of CTR data includes a fixed
bulk calcite structure from the literature® and an interfacial
calcite region with adjustable structural parameters, including
four calcite monolayers (ML), similar to previous CTR
studies.””*" Carbonate ions in the interfacial region are treated
as rigid bodies, with three translational and three rotational
degrees of freedom. Two adsorbed water molecules are explicitly
included in the structural model above the calcite structure, i.e.,
H,O 1 above the surface calcium atom and H,O 2 above the
outwardly oriented oxygen atom of the surface carbonate group,
as suggested by previous SXRD studies”' "**~** and simulation
results.' > ***~* Water molecules have to be approximated as
oxygen atoms because hydrogen does not contribute to the CTR
signal due to its low X ray scattering cross section. Beyond the
adsorbed water, a semi infinite, laterally structureless, water
profile was included in the model to account for scattering from
bulk water.

Since the investigated calcite cleavage face had negligible
roughness, no roughness model was applied (beta = 0).*” Best
fit parameters and the electron density profile across the
adjusted calcite MLs, the adsorbed water, and the semi infinite
bulk water profile are reported in Table S2 and Figure S6. The
reference surface position for distances reported in the text is
defined in terms of the z position of the surface calcium ions.
The bulk water profile starts at 3.82 + 0.03 A above the surface
and indicates an essentially structureless electron density,
originating from bulk water. Adsorbed water molecules are
arranged in two layers. First layer water molecules are located
2.34 +0.05 A above the surface and 2.41 + 0.05 A away from the
surface calcium ion, completing a close to ideal coordination
octahedron (cf. Figure 1). For the first layer of water, the
occupancy is fixed at 100%. Second layer adsorbed water
molecules are located 3.29 + 0.08 A above the surface and 2.63

+ 0.10 A from the topmost oxygen atom of the surface carbonate
ion. The occupancy for this water site is 67 + 15%. This water
structure is in agreement with recent 3D CTR studies on
calcite(104)”""** and simulation results.*”***

Among the four adjusted interfacial calcite MLs, the three
lowest ones (2nd, 3rd, and 4th ML in Figure 1) show small
relaxations of the ions from their bulk positions (<0.016 A and
mostly <0.005 A). In the topmost calcite ML, the relaxation of
ions from the bulk position is more pronounced (up to 0.034 A).
The surface carbonate ion is found to tilt 2.7° + 0.1° toward the
surface calcium ion and to rotate 4.2° + 0.2° in the lateral
directions. These rotations are slightly larger compared to the
recent results of Brugman et al.** but comparable to our previous
structure determination.'' Debye—Waller factors in the topmost
calcite layer are slightly increased compared to those in the bulk
structure. Correspondingly, relaxations are only visible for the
topmost calcite ML in Figure 1 and Figure S6. As a simple
justification for the derived structure, bond valence sums
according to Brown and Altermatt’ are calculated for atoms in
the structurally adjusted monolayers. They are all within +5% of
the nominal ion charges.

For the two adsorbed oxygen atoms (representing adsorbed
water) as well as the Ca ion and the in plane oxygen atom of the
carbonate ion in the topmost ML, anisotropic Debye—Waller
factors were considered during adjustment. This led to an
improved and more stable structure refinement with the
weighted y* of the best fit structure decreasing from 10 to 6.
Thus, the improvement of the fit clearly outweighs the effect of
the additional adjustable parameters. Anisotropic Debye—
Waller factors are not yet routinely applied in surface structure
refinements on the basis of CTR data, since this involves
additional adjustable parameters (up to six per atom).
Therefore, we compare the adjusted Debye—Waller factors
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with vibrational amplitudes derived from atom trajectories from
previous MD simulations.”” Corresponding parameters are
reported in the SI (Table S3). For the two adsorbed water
molecules, CTR and MD derived values compare well even on
a quantitative level. Amplitudes for the surface Ca ions and the
in plane oxygen atom are much smaller. While the average
amplitudes are comparable, the shapes do not match well (cf.
Figure 1 and Figure S7). Nevertheless, the improved stability of
the refinements and the comparison with MD simulations seem
to justify the use of anisotropic Debye—Waller factors in this
surface structure refinement, especially for the adsorbed water
molecules, where the resulting measured vibrational parameters
(amplitudes and directions) seem to be in a realistic range.
From the interfacial structure, the bond distances indicated in
Figure 1b (right) are used for MUSIC'” calculations to estimate
protonation constants of the surface functional groups, >Ca—
OH,*", and >C0O,07%3, as described below. Crystallographic
site densities of 4.95 nm™> are applied in the SCM, and

knowledge regarding the thickness of the adsorbed water layer
enables interfacial capacitance values to be constrained.

Inner Surface Potential. A major innovation in this study is
the use of SCrE data to constrain the inner surface potential at
the calcite(104) face during the adjustment of SCM parameters.
The experimental data and model fits are shown in Figure 2. It is
important to note that SCrE measurements provide only relative
changes in the inner surface potential in relation to changes in
the contact solution composition. During model adjustment, the
model surface potential is modified by adjustable potential shifts
applied to each experimental series. In Figure 2, the potential
values are readjusted to the SCM ¥ in order to obtain an
absolute value. Acidimetric and alkalimetric titrations under
non equilibrium conditions are reported in Figure 2a. They
show a broad plateau in surface potential at circumneutral pH, a
steep decrease at pH > 10, and an increase at pH < 5. The
alkalimetric data was chosen as the best representation for low
pH conditions. These measurements start at low pH and
therefore, data at high pH are significantly affected by calcite
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dissolution. For high pH conditions, the acidimetric titration
data were therefore considered during model adjustment.
Addition of Na,CO; at pH 10 + 0.5 decreases the surface
potential (Figure 2c) in line with gprevious assignments of CO;*~
as a potential determining ion."~""*" SCrE measured surface
potentials at pH 10 + 0.5 decrease upon addition of CaCl,
(Figure 2d), which we interpret as an indication that the inner
surface potential is more strongly influenced by CI™ compared to
Ca’. This was unexpected because Ca** has previously been
considered to be the main potential determining ion for zeta
potentials (here regarded as the 2 plane potential of the
TPM)." " It was difficult to accurately simulate the data from
the Na,CO; and CaCl, addition experiments. The general
trends are, however, reproduced. The surface potential in
equilibrium solutions as a function of pH (Figure 2b) is a
complex interplay between all of the aforementioned effects.
Potentials in equilibrium solutions remain essentially constant as
a function of pH in the pH region investigated. Only at low pH a
slight potential decrease is indicated. This is well reproduced by
the model and reflects again the effect of adsorbing CI~
originating from HCI addition for pH adjustment.

Zeta Potentials. Zeta potentials of calcite powder in
equilibrium solutions at various pH values, equilibrated with
atmospheres of various gases and CO, partial pressures, taken
from our previous study' " are shown together with model fits in
Figure 3.

The model reproduces the increasing isoelectric points (IEP)
with decreasing CO, partial pressure. The main factor
controlling the zeta potential of calcite is the changing speciation
of the solution with respect to Ca**, HCO,~, CO;*~, Na*, and
CI” concentrations as the equilibrium pH and CO, partial
pressure are changed. Importantly, during the preparation of the
solutions, the salt level was adjusted according to PhreeqC
simulations in order to achieve a more or less constant ionic
strength of 0.1 M (or for some datasets, 0.15 M) after addition of
HCl or NaOH, dissolution of calcite, and equilibration with the
gas phase.'' Simulations are very sensitive to Na* and CI~
concentrations. An example of a calculation with a constant
background salt level is shown in Figure 4 for 0.1 M NaCl. The
Figure also highlights the major model features. At high CO,
partial pressure, the model is close to the experimental data and
close to a linear trend, as indicated by the red dashed line in
Figure 3a. The IEP is well reproduced. At lower CO, partial
pressures (Figure 3b,c), simulations trace the S shaped surface
potential function (Figure 2a), and simulated IEPs deviate
slightly from the experimental data (up to ca. 0.5 pH units).

SCM Parameters. The SCM fits to the experimental data are
displayed in Figures 2 and 3. Model parameters and a schematic
of the model layout are presented in Figure 4a. Calcite surface
speciation according to the new model is displayed along with
calcite surface and 2 plane potentials (where the latter is taken
as the zeta potential in this case) in Figure 4b. Model parameters
are detailed in Table S4 (SI), which also contains information on
how parameters were adjusted during model refinement. The
most comprehensive description of the model and definition of
the parameter usage are given by the example PhreeqC input
provided toward the end of the SI document.

The goal behind this SCM was to provide an SCM that was as
simple as possible, which offers a physically and chemically
reasonable description of the processes at the calcite—water
interface, and can be parameterized on the basis of reliable sets of
experimental data. Accordingly, this SCM is different from those
approaches trying to include a maximum of potentially relevant

reactions. The latter models may only be parameterized on the
basis of theoretical input.'*~'® The present SCM is also quite
different from our previous Basic Stern SCM,”"'~"* which
successfully simulated the complex conductivity evolution
during calcite precipitation.”” Differences compared to previous
Basic Stern models mainly result from disregarding streaming
potential data in the parameterization. The decision to omit
these data was due to findings that the flow of non equilibrium
solutions over surfaces affects the surface structure and potential
in a complex way.>>~>° Since these studies indicate that
measurements are influenced by kinetic processes during the
flow of non equilibrium solutions over the surface, such data are
not suitable for use in the parameterization of equilibrium
models. Instead, SCrE data was included in the model
parameterization. For these data, sufficient equilibration time
is allowed and measurements are made during no flow (without
stirring) conditions, and therefore kinetic effects remain
negligible, while the solution conditions are sufficiently well
defined during data acquisition.”* Remarkably, the parameters
that are solely adjusted to the SCrE potentiometric pH titration,
namely, the surface protonation constants K, c,on and K, cosp,
coincide with MUSIC'” estimates based on the interface
structure as depicted in Figure 1 within the accuracy of the
structure determination. The bond valence of the >Ca—O(H,O

1) bond with a 2.41 + 0.05 A length is 0.30 + 0.05. Adding the
contribution of a bound hydrogen atom (= 0.8) and a bridging
hydrogen atom (= 0.2) leads to an overall bond valence sum of
1.30 = 0.05 for the protonated oxygen in the >CaOH ™ group.
According to the MUSIC'” model, the protonation reaction

>CaOH ™ + H* 2 >CaOH,***

has a log;oK.c,on = 13.8 + 0.8.

For the surface carbonate groups, >C0,07% two bond
lengths need to be considered in the MUSIC calculation: the C—
O bond with a fixed length of 1.28 A (carbonate ions are treated
as rigid bodies in the CTR model) and the Ca—O bond to the
next surface >Ca ion (2.34 + 0.0S A, cf. Figure 1). Both bonds
together lead to a bond valence sum of 1.72 + 0.05. Adding the
contribution of one hydrogen bonded hydrogen atom (= 0.2)
leads to a bond valence sum of 1.92 + 0.05, which results in the
protonation reaction >C0O,07%* + H" = >CO,0H"* having
log oK. cosu = 1.3 + 1.0. The respective best fit SCM parameters
are 13.38 + 0.01 and 1.3 + 0.1.

The bond valence calculations may also be used to estimate
the residual charge on the surface ions. In the present case, this
leads to >Ca*®’ and >CO0,07%. However, as previously
discussed in some detail,”'" use of the precise residual charges
versus use of a generalized charge of +0.5 has only minor
impacts on the model results, and the formal charges >Ca*®* and
>C0,07% allow for a simplified model formulation.

As shown in Figure 4b, these constants result in a surface that
is dominated by unprotonated >CO,0™*° groups over the
relevant pH range, and similarly, deprotonated water molecules
(OH") in the adsorbed water layer are rare at pH < 10,
indicating a rather chemically inert surface. This may also
explain why the calcite water interface structure appeared to be
largely indifferent toward 7pH changes in previous interfacial
structure determinations.”'*® In return, this provides a
justification to use the CTR data collected at pH 8.2 as the
basis for a SCM covering a large pH range.

A justification for the physical and chemical plausibility of all
parameters used in the SCM is possible. Capacitance values are
0.2 F/m? for the inner layer and 1.5 F/m? for the outer layer.



Based on previous findings, it seems reasonable that the inner
layer,"*">° where mainly protonation—deprotonation reac
tions occur, may be correlated with carbonate groups in the
surface ML and the adsorbed, structured water layers. Water in
this region shows a decreased relative permittivity close to the
value of ice (&, = 6). The thickness of this layer, z,, is between 2
and 5 A, depending on the definition of the boundary positions.
Corresponding capacitance values (C; = €y¢,,/z,) should range
from 0.1 to 0.3 F/m? C, = 0.2 F/m?, thus, points either toward a
slightly increased permittivity compared to ice or to a layer
thickness on the lower side of the 2—5 A range. On the other
hand, C, = 1.5 F/m? for the outer layer points toward a water
like relative permittivity (&, = 78.5), which agrees with the
relatively structureless bulk water profile beyond the adsorbed
layers identified in the present and previous CTR studies*”*”
and MD simulations.*"*>*

The sodium binding constant (log;, IBy, = 0.5 + 0.1) turned
out to be the most critical parameter during SCM optimization.
The upper limits for Rb*™ adsorption found in a previous RAXR
investigation®® were taken as an upper limit for Na* adsorption,
assuming that the alkali metal ions behave similarly, as suggested
by the CTR data. Na* surface coverage according to the SCM
and the upper limits derived from RAXR® are depicted in Figure
S8. The log,, IBy, = 0.5 + 0.1 corresponds to about a 3% ML
coverage at 10 mM NaCl and a 20% ML coverage at 100 mM
NaCl in line with high resolution AFM investigations reportin
direct observation of adsorbed Na* at the calcite(104) surface.”
A further test of the plausibility of IBy, involves comparison with
the aqueous ion pair formation constant. The log;, constant for
the formation of NaCO; ™~ ion pairs in aqueous solution is 1.27.*
It seems plausible that the binding of Na* to CO,*” in the calcite
surface ML, where the carbonate ion is already bound to five
Ca’" ions and only a small fraction of the ion charge is exposed to
the solution, is considerably weaker. A similar argument can be
made for Ca®" adsorption. Here, the ion binding constant, log;,
IBc, = 0.68 + 0.02, compares to a value of 3.23 for the log),
aqueous ion pair formation constant. The large difference in this
case may be explained by the possibility of forming a contact ion
pair in aqueous solution,”® while at the calcite surface, outer
sphere adsorption is expected.'”*"**°® The carbonate ion
binding constant, log; IBco; = 1.91 + 0.07, is even closer to the
aqueous CaCOs,q) ion pair formation constant. For bicarbonate
adsorption, the relationship is similar. The log,; IByco; = 0.37 +
0.09 at the surface compares to log;y K = 1.11 for the aqueous
CaHCO;" ion pair formation constant. The two ion binding
constants, log;; IBco; = 1.91 # 0.07 and log;y IBycp; = 0.37 +
0.09, can be used to calculate a protonation constant for
adsorbed carbonate:

>Ca — OH,™*.-HCO,” & >Ca — OH, """
+CO,*™ + HY; (log K = —8.8 + 02).

The value obtained is between the protonation constants for
the free aqueous carbonate ion, and the calculated protonation
constant for an aqueous CaCOj ion pair:

HCOy ()~ = COy(,y)°~ + HY; (log, K = —1033")
CaHCOj )" = CaCO;,,) + HY; (log K = —8.22%)
respectively, suggesting that adsorbed carbonate behaves more

like Ca*" ion paired aqueous carbonate. The Cl™ ion binding
constant is log;o IB¢; = 0.6 & 0.2. Classical thermodynamic data

report a low CaCl" ion pair formation constant in aqueous
solution, log;y K = —0.17.°”%° Correspondingly, aqueous CaCl*
ion pairing is not considered in the thermodynamic model being
used.”” However, recent findings report a higher value of log;, K
=0.5+0.1,%" comparable to Cl~ binding to the calcite surface. In
the SCM, the CI” ion binding parameter is strongly correlated
with the Na* ion binding constant. Once the Na* binding
constant is fixed, it is, however, well constrained, especially by
the CaCl, addition SCrE data (Figure 2d).

Another means of rationalizing ion binding constants is
comparison with binding free energies from atomistic MD
simulations. Two ways of calculating ion binding energies were
evaluated from simulations using two different force fields as
described in the SI, the rigid ion force field, RigidFF, and the
AMOEBA polarizable force field. The resulting ion binding
constants are reported in Table 1 (the same comparison in terms

Table 1. Comparison of Ion Binding Constants from the
SCM with Corresponding Values Calculated from
Adsorption Free Energies Extracted from MD Simulations
via Metadynamics Calculations (metaD) or Ion Density
Profiles of Unbiased MD Simulations (Density)

experiment RigidFF AMOEBA
kJ/mol SCM metaD  density metaD  density
logo IBy, 0.5+ 0.1 0.0 02 17 12
log,o IBc, 0.68 + 0.02 0.0 0.0 17 12
log1o BBracos 0.37 + 0.09 0.0 02 0.9 0.7
logio IBeos 1.91 £ 0.07 12 0.9 07 1.0
logo 1By 0.6 + 02 0.7 02 03 0.5

of adsorption free energy is presented in the SI, Table S5). The
full free energy profiles as a function of height above the surface
are given in Figure S. Figure S9 (SI) demonstrates the effect of
the reweighing process used to obtain the graphs in Figure 5. A
selection of ion density profiles above the surface obtained from
simulations at a finite concentration is shown in the SI (Figure
$10).

Ion binding constants extracted from AMOEBA MD
simulations range from 0.3 < log;y IB < 1.7. They cover almost
the same range as SCM ion binding constants (0.37 < log;o IB <
1.91). However, ion binding constants derived from RigidFF
simulations are smaller, 0.0 < log;, IB < 1.2. RigidFF predicts the
strongest ion binding for carbonate, which is in line with SCM
ion binding constants. Accordingly, if we try to employ MD
derived ion binding constants in the SCM (not shown),
constants from RigidFF simulations perform slightly better
than constants from AMOEBA simulations.

In RigidFF simulations, density profiles and adsorption free
energies (Figures S10 and S11) indicate that ions, in general,
stay beyond the two bound water layers at the calcite surface,
which agrees with the concept of the SCM. Relative positions
and amplitudes of the adsorption free energy minima, however,
appear rather variable. AMOEBA predicts the strongest ion
binding to occur for the cations Na* and Ca?**, which come close
to the surface and may even replace water above surface
carbonate groups to form inner sphere species (cf. Figures S10
and S11).

In the case of CI7, AMOEBA and the reweighed
metadynamics results with RigidFF predict a distinct local
minimum for a contact ion state with the surface (Figure 5).
Here, we can compare the 2D free energy landscape from MD
with that obtained from AIMD (S, Figures S12 and S13). Inline
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Figure S. Free energy profiles for adsorption of ions on the hydrated basal surface of calcite as a function of height above the first layer of calcium ions as
computed with RigidFF (left) and AMOEBA (right).

with AMOEBA, density functional theory suggests that Cl™ can adsorption free energies clearly disagree with the experimental

indeed form a contact adsorption state with a surface calcium data. It is interesting to note that the SCM predicts such low ion
ion, with both methods agreeing that it lies ~10 kJ/mol or less surface coverages for the investigated solution compositions (<
above the solvent shared minimum, though RigidFF gives a ca. 10% ML coverage) that a contact adsorption state for Na*,
value approximately double this. All methods after reweighing Cl, HCO;", and CO;* (and Ca®") would not contradict
support the existence of a barrier for the contact state to previous CTR and RAXR studies.'*>*
dissociate, though the height varies substantially between The ion distribution between the 1 and 2 planes, as
approximately 5 and 30 kJ/mol. implemented in the SCM via the CD parameters, follows the
The 2D free energy landscape for carbonate also shows a concept of a FLM. In a FLM, the Stern layer is subdivided by
distinct local minimum for a contact adsorption state for four planes (0—3), and three capacitances are considered
RigidFF and AMOEBA. For bicarbonate, the case is less clear between these planes. In a FLM for calcite, protons are adsorbed
with RigidFF not even indicating a local minimum, while in the 0 plane, CI™ in the 1 plane, and Ca?" in the 2 plane. Na“,
AMOEBA even predicts a global minimum in a contact CO,*", and HCO;™ are adsorbed between the 1 and 2 planes,
adsorption state in a very similar position to that of the and no specific ion adsorption is considered in the 3 plane such
carbonate adsorption species. that the third capacitance is available to adjust the 3 plane
The SCM CD parameters determine how ion charges are potential with experimental zeta potentials. However, due to the
distributed over adjacent isopotential planes. Thus, they reflect limited availability of codes to calculate FLMs, we abandoned
the positioning of adsorbed ions between the hypothetical this approach and optimized the present TPM instead. For those
planes denoted 1 plane and 2 plane in Figure 4a. If a water like interested, a FLM for calcite using the same protonation and ion
permittivity is considered between the 1 plane and 2 plane, as binding constants, but with readjusted CD parameters and
indicated by the capacitance value, the distance between the two capacitances, is presented in the SI (Table S6 and Figure S14).
planes should be roughly S A (5 X 107" m ~ (78.5 X 8.854 X In the FLM, the 0 plane and 3 plane potentials are more clearly
107'2/1.5) m). CD parameters may thus be translated into ion separated, and tracing of the S shape of the 0 plane potential
positions: Cl™ at the 1 plane position, Na* 0.5 A above the 1 curve by the 3 plane potential as function of pH is not as
plane, CO;*” and HCO;™ 1 A above the 1 plane, and Ca** 2.5 A pronounced. Furthermore, the FLM with the additional
above the 1 plane. It should be kept in mind, however, that the capacitance should be advantageous for adaption of the SCM
absolute position of the hypothetical isopotential planes is to zeta potentials at varying ionic strengths.
arbitrary and the distance between the planes can only be a In conclusion, and especially considering the model fits to the
rough estimate. However, the relative positions of the ions experimental data as shown in Figures 2 and 3, we are confident
between the planes are directly related to the data included in that the presented SCM provides a considerable improvement
the model adjustment. For example, CI™ mostly affecting the 0 with respect to the thermodynamic description of the
plane potential adsorbs close to the surface in the 1 plane. In equilibrium surface speciation at the calcite—water interface
contrast, Ca®" has only a minor influence on the 0 plane compared to previous models. All SCM parameters are in
potential but is a potential determining ion for the 2 plane (i.e., chemically and physically plausible and realistic ranges. Thus,
zeta potential). Therefore, it adsorbs furthest away from the the model provides a parsimonious but realistic representation
surface, halfway between the 1 plane and 2 plane. Here, the 2D of surface complexation and ion adsorption processes at the
free energy landscapes from AMOEBA seem to coincide with calcite—water interface.
the CD parameters for the anions: Cl” is getting slightly closer to The interface structure determination largely confirms
the surface compared to carbonate and bicarbonate. If we accept previous results.'"**** The extensive CTR dataset, including
this inner sphere contact adsorption state as the position of the the especially surface sensitive (11L) and (13L) CTRs, enables
1 plane, then the contact adsorption state of Na* would also be resolution of previous ambiguities with respect to the octahedral
close to the position derived from the CD parameters. However, coordination environment of surface Ca groups, which can now

the AMOEBA derived Ca%* adsorption position and the relative be verified to be a close to ideal octahedron but was in some
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previous works reported to be considerably distorted.''"**** The
resulting structure, including the anisotropic vibrational
parameters for the hydration waters, may serve as a guide for
simulation studies or the interpretation of high resolution AFM
data.®”®* For the first time, experimental SCrE inner surface
potentials were included in the parameter optimization of a
calcite SCM along with previous zeta potential data.'' The
newly developed three plane CD MUSIC SCM successfully
describes even the unexpected trends (CaCl, addition data
Figure 2d) in the SCrE data and the general course of the
equilibrium zeta potential data. Data suspected to exhibit strong
non equilibrium effects, such as streaming potential coupling
coefficients," "> or data obtained from measurements on
potentially impure limestone samples,”’ were deliberately
excluded from the parameter optimization. This should be
kept in mind whenever the model is applied. Model parameters
can be justified against MUSIC calculations, available
thermodynamic data, and MD simulation results. Thus,
compared to previous models, the model is considered as a
strongly improved thermodynamic representation of surface
complexation and ion adsorption processes at pure calcite—
water interfaces under equilibrium conditions.
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