Simultaneous Adsorption and Incorporation of Sr?* at the Barite (001) — Water Interface
Jacquelyn N. Bracco'", Sang Soo Lee!, Joanne E. Stubbs?, Peter J. Eng?2, Sarah Jindra®, D.
Morgan Warren®, Anitha Kommu®, Paul Fenter!, James D. Kubicki®, and Andrew G. Stack’

!Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne, IL, USA
2Center for Advanced Radiation Sources, University of Chicago, Chicago, IL, USA
3James Franck Institute, University of Chicago, Chicago, IL, USA
“Chemistry Department, Wright State University, Dayton, OH, USA
®Golder Associates Inc., Lakewood, CO, USA
®Department of Geological Sciences, University of Texas at El Paso, El Paso, TX, USA
"Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA

“Corresponding Author: Phone (718)997-3338; email jacquelyn.bracco@qc.cuny.edu
“present address: Department of Earth and Environmental Sciences, Queens College, City University of

New York, Flushing, New York, USA



Abstract

lonically-bonded minerals are ubiquitous and play a determinative role in controlling the
mobility of toxic metals in natural environments. However, little is known about the mechanism
of ion uptake by these mineral surfaces. Here, the sorption of strontium ions (Sr?*) to the barite
(001) — water interface was studied using a combination of synchrotron x-ray scattering and three
types of computational simulations (density functional theory, classical molecular dynamics
(CMD), and CMD-metadynamics). In situ resonant anomalous X-ray reflectivity (RAXR)
revealed that Sr2* adsorbed on the barite surface as inner-sphere surface complexes and was
incorporated within the outermost barite atomic layers. Density functional theory combined with
classical molecular dynamics simulations confirmed the thermodynamic stability of these
species, demonstrating almost equal magnitudes in the free energy of sorption between these
species. Metadynamics simulations showed a more detailed feature in the free energy landscape
for metal adsorption where adsorbed Sr?* are stabilized in as many as four distinct inner-sphere
sites and additional outer-sphere sites that are more diffuse and less energetically favorable than
the inner-sphere sites. All three techniques confirmed Sr?* adsorbs inner-sphere and binds to
oxygens in the top two surface sulfate groups. The energy barriers among the inner-sphere sites
were significantly lower compared with those for constituent cation Ba?*, implying fast exchange
among adsorbed Sr?* species. The Sr?* uptake measured by RAXR followed a Frumkin isotherm
defined with an apparent free energy of sorption, AGsr =~ —22 kJ/mol, and an effective attractive
interaction constant, y ~ —4.5 kJ/mol, between sorbed Sr?*. While the observed free energy can
be mostly explained by the Helmholtz free energy of adsorption for Sr?*, AFs = —15.3 kJ/mol,

the origin of the sorbate — sorbate correlation could not be fully described by our computational



work. Together, these experimental and computational results demonstrate the complexity of Sr?*
adsorption behavior at the barite (001) surface.
1. Introduction

lon adsorption and exchange processes at mineral surfaces govern the fate of dissolved
metal ions in the environment. These sorption processes depend on a variety of factors including,
but not limited to, solution pH, the concentration and identity of the sorbate, the type of sorbent,
surface functional groups on the sorbent, complexation of the sorbate and/or sorbent, and
presence of other sorbates.! lon hydration also strongly influences the strength and speciation of
ion adsorption? with ions adsorbing as inner-sphere or outer-sphere complexes depending on the
hydration state of the ion.® These sorption states can also be determined by the type of interaction
with the mineral surfaces.*”’ lons adsorbed via electrostatic attraction can exist as a mixture of
inner-sphere and outer-sphere complexes whose proportions are controlled mainly by the balance
between electrostatic and ion-solvation energies,* 81 whereas ions adsorbed through strong
covalent bonds form entirely inner-sphere complexes.® lon adsorption to mineral surfaces can be
described using different models with varying degrees of complexity. A subset of these models
includes surface complexation models, such as the charge-distribution multi-site complexation
(CD-MUSIC) model that incorporates surface protonation and bond valance theory.>* Surface
complexation modeling as applied to rutile has incorporated inner-sphere cation adsorption in

addition to outer-sphere adsorption.>16

Surface complexation models have also been applied to ionic mineral surfaces, but the
extent to which such approaches are appropriate remains unclear. lonic minerals, such as
carbonate minerals, typically have higher reactivities in water than silicate or oxide minerals,

which enables other mechanisms for ion-mineral reactivity than simple adsorption. For example,



surface complexation modeling of calcite (CaCOs) suggests that the (104) surface can develop
charge through protonation of carbonates or hydrolysis of water bound to calcium at the
surface.’2° However, recent studies on the surface charge of calcite demonstrate that the (104)
surface in circumneutral pH is nominally uncharged, consistent with recent observations that
reveal negligible adsorption of monovalent Rb*.?! Similarly, there have been numerous studies of
metal cation interaction with calcite, with results ranging from simple adsorption®*? to
incorporation in the calcite structure through dissolution-reprecipitation mechanism (e.g., Pb?*
incorporation in the presence of EDTA).?® This, along with results from molecular dynamics
simulations and surface complexation modeling,?’ suggests that calcite reactivity may arise

primarily from defect sites and surface topography.

Similarly, barite (BaSOs4) is well-suited to study how impurity ions interact with ionic
mineral surfaces. Many studies unequivocally show the high reactivity of barite to impurity
cations. Divalent ions are inferred to adsorb either as inner-sphere complexes to barite at
concentrations > 10 M or as outer-sphere complexes at lower concentrations.?® Sorption of
calcium on barite was observed from batch uptake experiments and interpreted to occur as an
outer-sphere ion.?® In addition, strontium was also observed to readily sorb to barite step edges
and other defect sites or incorporate into the crystal structure.®®-3 While process-based models
have been shown to predict barite reactions under a wide range of solution conditions, atomic-
level structural information on how metal ions adsorb onto or incorporate into barite surfaces is

necessary to expand the models.

It is not known how the sorption of metal ions is controlled by the charge and structure of
the barite surfaces. The dominant barite surface, barite (001), in barite-saturated solution is

terminated by a stoichiometric mixture of barium and sulfate ions which are relaxed slightly



from their bulk lattice positions, leading to a surface that is nominally charge neutral.® The
actual charge of the barite surface is, however, not well constrained. The (001) barite surface has
been reported to carry a negative net charge in pure water at 25°C, possibly due to preferential
retention of sulfate and release of barium ions from the surface,®* yet it is unclear if surface
charge develops in solutions saturated with respect to barite. Surface charge measurements of
barite nanoparticles showed that the pH of the isoelectric point (pHiep), Where the surface is
neutral, occurs around pH =5 in sodium and calcium containing solutions.®® However, Hang and
coworker report that the pHiep occurs around pH = 7.8 in deionized (DI) water spiked with
NaOH.?® Together, the wide range of behavior seen in these results suggests that the measured
barite surface charges may not be intrinsic to barite but more likely arise from other factors, e.g.,

surface defects or local charge imbalance caused by impurity ion incorporation.

Recent computational works provide insight into the mechanistic understanding of metal
adsorption to the barite surface. Adsorption of barium to barite (001) terraces has been found to
be thermodynamically unfavorable based on computational simulations using a modified version
of the GROMOS96 force field.*¢-*" Subsequent metadynamics simulations, using a modified
version of the MSXX force field,*® found thermodynamically-favorable inner-sphere species
adsorbed at a step edge developed on the barite (001) surface.®® These two sets of computational
simulations suggest the hypothesis that differences in the thermodynamic adsorption stability of
divalent ions to steps and terraces on barite is central to understanding barite reactivity. However,
direct experimental evidence has been lacking in these systems as a test of the various

computational simulations.

In this paper, we demonstrate the first molecular-scale experimental and computational

study of ion adsorption at the barite (001)-water interface. We resolve the sorption behavior of



strontium ions at the barite (001)-water interface using in situ specular crystal truncation rod
(CTR) and resonant anomalous X-ray reflectivity (RAXR) measurements. The results are
compared with density functional theory (DFT) and classical molecular dynamics (CMD)
simulations to determine the positions and free energies of sorption for the strontium ions at the
surface. The experiments were conducted over a range of dissolved Sr?* concentrations: (3 to 225
M) to determine uptake of strontium as a function of concentration. These results are compared
with the adsorption behavior of divalent cations on charged (mica, rutile) and nominally

uncharged (calcite) mineral surfaces.



2. Methods

2.1. Sample and Solution Preparation: Natural optically clear barite crystals from Sichuan,
China containing minor trace impurities*® were cleaved to expose the (001) surface. Samples
were generally prismatic blades in shape, 5 mm thick, ~10 mm long along the longest axis, and
2.5-5 mm wide. Small particulate dust generated during the cleaving process was removed with
compressed N2 gas and DI water, and the cleaved sample was placed in a thin-film sample cell, %
41 which was then flushed with a barite saturated solution (BSS). The BSS was prepared by
reacting barite powder with DI water on a shaker table for 3-4 weeks in the presence of
atmospheric CO2 and then filtered using a 0.1 um pore membrane. The concentration of barium

in this solution is ~ 10 pM.

Solutions containing strontium (Sr2*) were prepared by adding SrCl,-6H-0 to filtered
BSS (pH ~ 5.6) immediately prior to injecting solution in the sample cell. All solutions were at
saturation or slightly undersaturated with respect to barite, but undersaturated with respect to a
BaxSr1-xSO4 phase. Approximately 1 mL of solution was injected in the cell for reaction with the
crystal for 30 minutes, after which the excess solution was drained to form a thin film solution
layer (~10 um thick water layer at the surface held in place by an 8 um-thick Kapton film
(DuPont)) for X-ray measurements.*! A Mylar hood containing humid helium was placed over
the sample cell to limit evaporation of water through the Kapton film, which could increase the
Sr2* concentration in solution.*? Additionally, solutions were flushed through the thin-film cell
every 30 minutes to prevent increases in the strontium solution concentration with time due to
water evaporation through the Kapton.?t After flushing, the sample cell was puffed up and the
crystal was reacted with the new solution for at least 30 minutes for re-equilibration. Four

different samples were measured from the lowest to the highest strontium concentrations



(solution conditions available in Table S2). Two to three different spots on one sample were
measured for each concentration to limit the effects of beam damage. For samples having
variable surface roughness (e.g., characterized in XR data by a Robinson roughness parameter)*?
over the sample surface area, we typically observed variations in maximum strontium coverage,
implying that presence of surface defects influences the strontium sorption density (Fig. S1 of
the Supporting Information, SI). Despite this difference, fiducial measurements for all samples
exhibited similar sorption behavior over both the strontium concentration range and reaction
time, indicating that the sorption mechanism was the same for all samples even if the sorbed ion

coverage was variable.

2.2. X-ray Reflectivity Measurements: Details of the setup for the CTR and RAXR
measurements were described previously*® and can also be found in SI. CTRs were collected in
specular geometry as a function of momentum transfer, Q = 4 sin(wi)/A, (where A is the X-ray
wavelength and o; is the incidence angle with respect to the surface) at a fixed energy (12 or 15
keV). The specular CTR was measured between Q = 0.15-4.58 A or Q = 0.15 - 5.46 A
depending on the sample. RAXR measurements were made by scanning X-ray photon energy
near the X-ray K absorption edge for Sr?* (Eo ~ 16.1 keV) at a series of fixed Q values. For each
concentration of Sr?* in solution, RAXR signals were measured at six or more distinct scattering
conditions (Q = 0.18 to 1.54 A™Y). We measured RAXR spectra repeatedly at Q = 0.54 At as a
fiducial to monitor the sample stability during the measurement. Extended X-ray exposure to the
sample led to decreases in both the overall reflectivity and the magnitude of the RAXR signal,
the latter of which is indicative of X-ray induced desorption of strontium from the surface.

Consequently, measurements were limited to two or three RAXR spectra for each spot on the



crystal before moving to a new spot which had not previously been exposed to X-rays in that

solution condition.

2.3. CTR and RAXR Data Analysis: The CTRs were analyzed in the same manner as that of
Bracco et al., 2017,% the details of which can be found in SI. RAXR spectra (R(E,Qo), i.e., the
reflectivity as a function of photon energy at fixed Q) were analyzed in two ways. Initially, the
individual RAXR spectra were analyzed in terms of a resonant structure factor defined by an
amplitude (Ar(Q)) and a phase (Pr(Q)) using a model-independent fitting algorithm.** The
results from the model-independent fit were used to determine the initial parameters for fitting
the data using a parametrized model that was optimized simultaneously for all RAXR spectra at
a given condition. The energy-dependent anomalous dispersion terms f ' and f " were determined
by measuring the X-ray absorption spectrum of 0.1 M Sr(NO3)2 solution in transmission mode
and using a differential Kramers-Kronig transform.* The parameters for the CTR and RAXR fits
were optimized using least-squares fitting using y? (= 1/NpZi(|Ri-R¢|/ci)?) as a goodness-of-fit
where Np is the number of data points, Ri and R. are the measured and calculated intensities for

the i'" data point, and i is the measured uncertainty of the i data point.

2.4. Density Functional Theory (DFT): We performed DFT calculations with the program
VASP 4649 calculations on a periodic (001) barite surface to complement the X-ray scattering
results. Model systems of 48 BaSOx + 195 H,0 and 48 BaSOa + 192 H,0 + Sr?* + 2 CI- were
constructed from the experimental crystal structure using the Surface Builder module of
Materials Studio 2016 (Biovia Inc., San Diego, CA) with a 20 A space between periodic slabs.
The DFT calculation for Sr?* adsorption to the barite surface was conducted using a model
structure containing one Sr?* in a solution volume of 17.768 x 16.374 x 20.000 A3. Further

details are available in the supplemental information.



2.5. Classical Molecular Dynamics Simulations (CMD): CMD simulations were performed
using a previously-developed force field for the barite-water system,33 95! combined with a
modified set of parameters to account for strontium and its interaction with water.%? Briefly, the
force field is based on a simple point charge MSXX-style model®® with flexible water (F3C),%
but with simplified functional form of the short range interactions (Buckingham), along with
more accurate hydration enthalpies of the aqueous ions.>° Details of the force field and the
simulations are shown in the Supporting Information.

A subset of the CMD simulations were designed to test the energy differences between
the DFT and CMD simulations for strontium sorbed in various mechanisms. These CMD
simulations used the DFT-optimized simulation cells as the starting point. They were performed
using the MSXX force field, as described above, with either the flexible water model (F3C)*3 or
the rigid point charge extended (SPC/E)>* water model. There were five distinct DFT optimized
starting configurations for the strontium ions: outer-sphere adsorbed, inner-sphere adsorbed,
strontium-chloride ion pair adsorbed, strontium exchanged with one of the Banigh ions (z = 0 A)
in the bulk, and strontium exchanged with one of the Bajow ions (z = -1.1 A) in the bulk.

2.6. Metadynamics Simulations: Adsorption of aqueous barium and strontium was probed by
adding a single barium or strontium ion adsorbed to the (001) terrace in a bulk-like lattice
position in a simulation cell containing 320 formula units of barite and 925 water molecules,
with size of 34.4475 A x 28.1422 A x 57.2552 A. Metadynamics,®® specifically the PLUMED
plugin®® for LAMMPS,>” was used to bias the sorbed ion. Due to the low symmetry of a surface
site, three collective variables were used, its position in the X, y, and z directions. To prevent
translation of the slab while biasing, the positions of six barium ions in the inner-most monolayer

of barite were frozen at their average positions taken from an equilibration run. Gaussian-shaped

10



penalty potentials were added every 250 time-steps with a height of 0.4 kJ/mol and width of 0.1
A. Well-tempered metadynamics was used to improve convergence with a bias factor of 20.%8 In
order to improve sampling efficiency, the position of the biased atom was limited using
exponentially-scaling external penalty potentials (walls). The width of the area that the atom was
allowed to probe was 16 A in the x and y directions, and ~13 A in z. Multiple walkers were used
to more efficiently sample the free energy landscape®® using 30 different walkers. Altogether,
approximately 400 ns of aggregate simulation time and 1.6 million hills were added for
strontium, 300 ns and 1.2 million hills for barium. Hills were summed using the sum_hills
software supplied by LAMMPS and put onto a 3D grid with a 0.1 A spacing. Visualization was
done with the Vislt software.?° Free energy minima were evaluated for distinct adsorption
positions and measured relative to the average energy of the hills added above 35 A, above the
outer-sphere adsorbed species.

3. Results

3.1. Effects of Sr?* on Interfacial Structure: The structure of the barite-water interface as a
function of Sr concentration is probed through high resolution CTR data (Figs. 1 and S2). The
specular CTR signals in the presence of Sr?* followed a similar pattern to those for the barite
(001)-water interface (Fig. 1). Small but significant changes in the interfacial structure resulting
from the presence of Sr?* at the surface were most apparent in the midzones, particularly in Q = 2
—3and Q~4.5-4.7 A These differences are observed more easily after normalization of the
CTR to the generic CTR shape*! (Figure 1b). Changes in the shape of the CTRs can primarily be
attributed to differences in intrinsic interfacial structures including the structure of the top-most
barite monolayer and interfacial water because of the presence of Sr?* as well as extrinsic factors

such as sample roughness. No additional Bragg peaks, other than barite (O0L) peaks, were
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observed, indicating that there was no significant precipitation of any secondary phases (e.g.,
celestite, SrSO4). This is consistent with the thermodynamics calculations that indicated the

solutions were undersaturated with respect to any secondary minerals.

The CTR data with adsorbed Sr?* were analyzed using the best fit model for the barite
(001) CTR data in the absence of strontium?®? as a starting model (¥* = 19 at [Sr?*] = 225 uM). To
accurately reproduce the intensity variations induced by the presence of strontium, the heights
and occupancies of the ions in the top two monolayers and interfacial waters were allowed to
vary. In these analyses, the composition in the model was assumed to be unchanged, and
therefore changes in composition are reflected as effective changes in occupation factors. For
example, substitution of Sr for Ba would be seen as a reduction of the apparent Ba occupation
factor to the value Zsi/Zga. The best fit models had quality of fits, ¥, of 2.10 at [Sr?*] = 25 uM,
3.42 at [Sr?*] = 75 puM, and 1.05 at [Sr?*] = 225 pM. For conciseness, the topmost and second
topmost barium and sulfate ions are referred to as Banigh, Shigh, Baiow, and Siow, respectively (Fig.
S3). The best-fit models indicate that the observed differences in CTR data arose primarily
through the displacements of the two topmost sulfate ions, a decrease in the apparent occupancy
of Banign at [Sr?*] > 25 uM, and changes in the amount and location of adsorbed species. The
decreased occupancy of Banign is consistent with the exchange of Ba?* at the surface by Sr?*,
which has a lower electron density. The total decrease in apparent electron density was 4.928 + 0.
2 et per Auc at [Sr?*] = 25 uM, 8.848 + 0.3 e}/Auc at [Sr**] = 75 uM, and 10.976 + 0.2 e/Auc
at [Sr?*] = 225 uM, where Auc (= 48.49 A?) is the area of the unit cell on the barite (001) surface.
The number of bariums which would need to be fully replaced by strontiums to create this deficit
in electron density corresponds to 27.4 + 0.9 % of the Banign Site at [Sr?*] = 25 uM, 49.2 + 1.6%

at [Sr?*] = 75 uM, and 61.0 + 1.2% at [Sr?*] = 225 uM (Table S3).
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Vertical displacements of atoms in the topmost barite monolayer were more significant
for the sulfate ions than barium ions. The Shigh ions moved 0.14 + 0.02 A at [Sr?*] = 25 uM, 0.33
+0.02 A at [Sr?*] = 75 uM, and 0.45 + 0.03 A at [Sr?*] = 225 uM, where positive values
correspond to movement towards the solution. Displacements of Siow were -0.27 + 0.02 A at
[Sr?*] = 25 uM, -0.20 + 0.02 A at [Sr?*] = 75 uM, and -0.23 + 0.01 A at [Sr?*] = 225 uM. Each of
the top two bariums moved less than 0.04 A in all three strontium concentrations. The
displacement of sulfates at the surface led to increased corrugation of the surface at [Sr?*] > 25
1M as compared to the absence of Sr?*. Interestingly, the overall displacement of high and low
sulfate groups suggests an expanding unit cell in the z direction as compared to the barite surface
in the presence of BSS33, which is contrary to the expected decrease in the size for the phase
transition from barite with a longer lattice parameter (7.153 A) to celestite with a shorter lattice

parameter (6.867 A).8*

Changes in the solution electron-density profile (Fig. 2) were observed mostly within ~7
A from the surface. The electron density of the first water adsorption layer at z ~ 2 A increased at
[Sr?*] > 25 uM compared to the absence of strontium. At higher concentrations ([Sr?*] > 75 uM),
increased electron density was found ~ 1 A above the surface, primarily from the displacement
of Shigh. The second adsorbed water layer, at z ~3.5 A, shifted further from the surface and
became broader and more electron-dense at higher Sr?* concentrations. For all Sr?*
concentrations, the modulations in electron density damped out at z > 10 A from the surface,

above which the water structure became similar to bulk water.

3.2. Distribution of strontium at the surface: From the CTR results above, we can infer the
presence of Sr2* through its effects on the total electron density (Fig. 2). This behavior can be

further explored through RAXR spectra that directly probe the presence of Sr?* at the barite-
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water interface as a function of Sr concentration (ranging from 3 to 225 uM). The RAXR spectra
show little or no significant resonant modulations at Sr?* concentrations of 3 — 18 uM (Figs. 3,
S4-S16). This indicates that the amounts of Sr?* present at the interface were small at these
strontium concentrations. A sharp increase in RAXR amplitude was observed at [Sr?*] = 25 uM,
above which the RAXR modulation amplitudes were mostly unchanged. At the same time, the
shapes of RAXR spectra were mostly constant at the same Q, indicating that the distributions of
Sr?* sorbed at the interface were similar over this concentration range. The same trend was

observed for all samples.

The magnitude and shape of the RAXR signals contain information on the amount and
location of strontium at the surface, respectively. This information can be obtained using a

model-independent approach wherein Fr(Q) = Ar(Q)el'®R] where Ar(Q) is the amplitude and

®r(Q) is the phase. The total strontium coverage can be estimated based on the amplitude at low
Q and changes in the trend of the amplitude as a function of Q can be used to estimate the
number of species of strontium (Fig. S17a). The average height of these species can be estimated
based on the ®r(Q)/Q at low Q. As such, a change in the ®r(Q)/Q as a function of Q indicates

there are multiple species present.

To obtain a more quantitative understanding of these data, we then compare the Q-
dependent variation of the observed amplitude and phase values (Fig. S17) to the predictions of
structural models. In this comparison, we find that the best fit model includes multiple
strontium sorbed at the interface. For example, at [Sr?*] = 225 uM, the model-dependent RAXR
analysis identified three sorbed strontium species: one located below the barite surface (z = -
0.809 + 0.084 A), another adsorbed on the surface (z = 1.703 £0.071 A), and the third farther
from the surface (z = 8.468 + 0.577 A). The sorption of the strontium below the surface implies

14



incorporation or exchange of strontium for barium in the top layer of the crystal lattice. From the
CTR analysis, we observed that the occupancies of the barium in the top monolayer decreased
with increasing strontium concentration. The exchange of more electron-dense barium with less
electron-dense strontium results in the decrease of the overall electron density at the barium site.
The location of this broad strontium species (-0.81 A) is close to the average value of two barium
planes (~ -0.65 A), implying that the cation exchange occurred for both barium ions in the high
and low positions. However, due to the finite resolution of the RAXR measurements (which was
~2 A for the current datasets), we are unable to uniquely distinguish between one broadly-
distributed, incorporated strontium species and two strontium species that replace the two

topmost barium ions, although the latter is more chemically reasonable.

The second Sr?* located at 1.70 A above the surface can be interpreted as an inner-sphere
complex adsorbed on the barite (001) surface because the height is too close to the surface to
have intervening hydration layers. A simple way to determine if this height is physically possible
is to estimate the bond distances between the adsorbed Sr and sites on the surface using a nearest
neighbor analysis. The nearest neighbor analysis was conducted using the vertical surface atom
positions (Banigh, Balow, Siow, Shigh) from the 225 uM CTR measurements (sample 1) and their
lateral positions from our previous results in the absence of Sr.*® This analysis demonstrates that
Sr adsorbs in a location near the projected Baiow i0n site (i.e., if the crystal were extended by one
monolayer) (Fig. 4) with an average Sr-Os bond distance of 2.6 A (2.6 for the nearest oxygen on
Shigh and 2.6 and for the nearest oxygen on Siow). Based on electrostatic interactions, it is more
likely that strontium binds to these surface sulfate groups than bariums. For comparison, the
measured strontium height is significantly lower than the heights of the water molecules

adsorbed on the sulfate groups determined previously (2.41 and 3.52 A),*® indicating that
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adsorbed strontium approaches the surface more closely and interacts more strongly with the
surface groups than the water molecules. The third strontium species located far from the surface
can be interpreted as an outer-sphere complex. However, the relative coverage of this species is
low (<10%), indicating that the contribution of this species to the uptake of strontium to the
barite surface is small. Further evaluation of the Sr adsorption positions is provided by the DFT

calculations and CMD metadynamics simulations.

To determine how the strontium coverages changed with strontium concentration, all
RAXR data collected in various strontium concentrations were analyzed based on the same
structural model. In this analysis, the positions and rms widths of the three distinct strontium
species were fixed while only the coverages were allowed to vary. The use of a smaller number
of parameters effectively minimizes the covariance among the parameters especially for the
datasets with fewer RAXR spectra. The analyses showed good agreement to all data (y?> = 1.08 —

2.00; Table S2), confirming the robustness of the approach.

The results revealed unusual behavior in the strontium uptake on the barite surface (Table
S2, Fig. 5). At [Sr¥*] < 18 uM, only small amounts of strontium sorbed on the barite surface.
With increasing [Sr?*] from 18 to 25 uM, the strontium coverage suddenly increased (by a factor
of >5), and then quickly saturated at a constant strontium coverage up to [Sr?*] = 225 uM. This
sudden increase cannot be explained by a simple adsorption model, i.e., using a Langmuir
isotherm (Fig. 5), which implicitly assumes that an adsorbate behaves as an ideal gas and
interacts with an adsorbent surface having a finite number of distinct adsorption sites. Instead,
the observed trend can be expressed by a Frumkin isotherm, which takes into account the

interaction between sorbates:
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where 0s; is the fractional coverage of strontium, Kags is the apparent adsorption constant, and y
is the correlation energy. When the fractional coverage approaches zero, the Frumkin isotherm
reduces to the Langmuir isotherm. From the best fit model, we obtained Kags = 10381095 (1,
which corresponds to the apparent free energy of adsorption, AGs, of —21.8 + 0.3 kJ/mol, and y
=—4.47 £ 0.21 kJ/mol. This correlation energy is negative, indicating an attractive sorbate-
sorbate interaction.%® The result indicates that the adsorption energy is increased by an effective
attraction between the sorbates, leading to the sharp increase in the sorbed strontium coverage

when [Sr?*] > 25 uM (Fig. 5).

3.3. Density Functional Theory (DFT): The RAXR measurements, which demonstrate that Sr
incorporates and adsorbs to the barite surface, can be considered as a starting point for the
computational simulations. The DFT calculation for Sr?* adsorption to the barite surface was
conducted using a model structure containing one Sr?* in a solution volume of 17.768 x 16.374 x
20.000 A3, In this calculation, the nominal Sr?* concentration was ~0.01 M. This concentration,
limited by the size of the model, is higher than the concentrations used for the X-ray
measurements. The simulation time was also limited to 2.5 ps due to the size of the model and
was used to assess migration of Sr>* within a site. As such, the energies reported are potential

energies from the minimization and should not be treated as absolute thermodynamic parameters.

The simulation results (Fig. 6 and S18) showed that adsorbed Sr?* was stabilized at 2.2 +
0.2 A (Table S4, Figs. 6b, S18b), which is farther from the position of the adsorbed Sr?* ion at z

=1.70 + 0.07 A from the X-ray results. To explore what might be leading to the differences in
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adsorption heights for the DFT calculations and XR measurements, the distances of the inner-
sphere adsorbed Sr from the different surface groups were measured. There are two surface ions
within 3 A of the Sr: an oxygen on Shigh and an oxygen on Siw. Both species have an average Sr-
Os bond distance of 2.8 A. For comparison, the bond distances for the XR results from the
nearest neighbor analysis above are 2.6 A. In addition, if a Sr is placed into the location expected
from the DFT simulations above the XR derived surface, the height is very close to 1.7 A.
Together, these indicate that the height discrepancy is due to differences in the positions of atoms

at the surface, rather than bond distances.

This confirms that while the apparent z heights for adsorbed Sr based on the RAXR
measurements and DFT simulations may be different, the Sr>*-O(S) bond distances are much
more similar. The primary difference in the vertical heights instead arises from differences in the
DFT and XR surface structures. In the CTR fits, the positions of Banigh, Baiow, Shigh, and Siow are
averaged over the entire surface. As such, a Siow group near an adsorbed Sr is assumed to have
the same rotation and position as one which is not near an adsorbed Sr. The DFT simulations
instead demonstrate that sulfate groups near the adsorbed Sr have a larger degree of rotation than
those farther from the Sr. Additionally, the displacement of Banigh and Baiow at the surface
depends on the proximity of these ions to the adsorbed Sr. This leads to a more corrugated
surface than the one modelled in the XR measurements, as the XR measurements do not have the

same individual ion sensitivity as the DFT calculations.

To check that the difference between the experimental and computational results was due
to differences in surface structure rather than interactions with other ions, we tested the formation
and adsorption of a Sr>*~CI- ion pair based on the rationale that a weaker Sr*—CI- bond

(compared to Sr?*-O(H2) bonds) would strengthen Sr?* bonding to the surface O atoms (Fig.
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S18d, S19-20). However, constraining the Sr?* to ~1 A above the surface with or without the CI
bonded resulted in much higher energies (> +40 kJ/mol) compared to the original inner-sphere
adsorption. Furthermore, when the constraint on the Sr?* was removed, the configuration
reverted to a distance ~2.2 A above the surface, confirming that the differences in the XR and
DFT results is due to differences in the surface structure of the barite, rather than the strength of

adsorption.

We also note that the outer-sphere model was +50 kJ/mol higher in energy than the inner-
sphere model. This is consistent with the lower concentration of sorbed species in the outer-
sphere model, but the DFT calculations may overestimate the energy difference because such a
large AE would likely mean that no outer-sphere Sr?* would be observed in the RAXR data. The
higher energies may be due to un-relaxed solvation shells: That is, the residence time of water in
the first solvation shell for aqueous barium is 208 ps® and those of various surface sites on the
(001) barite surface range from 15-194 ps values.>! These range of values are likely robust in that
they are constrained by quasi-elastic neutron scattering measurements.* However, given the
equilibration run of the DFT was shorter than these times at 100 ps, and the sorbed species were
only run for 2.5 ps, it may be that the solvation shell of the sorbed species or the surface were
trapped in a higher-energy, but metastable, state with a non-equilibrium number of water

molecules.

We next tested the exchange of Sr?* for Ba®* in the Banigh and Bajow surface sites (Table
S4 and Fig. S18). These Sr?* exchange models in the high and low Ba?* sites (Table S4, Figs. 6d,
S18e and 6¢, S18f) resulted in calculated energy changes (AE) of +8 and -6 kJ/mol, respectively,
compared to the inner-sphere model. These AE values are small and within the level of

uncertainties expected in our calculations. Thus, we conclude that the three positions for Sr*
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have similar energies and rapid exchange would be possible if the energy barriers are relatively
low. We did not investigate these exchange kinetics in this study, but modeling the potential
mechanisms of exchange should be performed in the future. Our exchanged site positions range
from -1.1 to 0.0 A vertical displacement with respect to Banigh. Combined with the model at 2.2 +
0.2 A, these three Sr?* positions could give rise to the observed Sr density profiles obtained from
RAXR spectra provided exchange is rapid compared to the experimental time scale (i.e., one site

atz =-0.809 + 0.084 A and one at z = 1.703 £0.071 A).

3.4. CMD Simulations using the DFT Optimized Results: Potential energies for adsorbed Sr?*
were calculated using classical molecular dynamics simulations on the same models used for
DFT-MD to provide a more detailed description of the site-specific stability of Sr>* adsorbed on
the barite (001)-water interface. Five distinct systems were investigated with Sr2* exchange with
Ba®" in surface sites (both at the Banigh and Baiow surface sites), inner-sphere Sr?* adsorbed on the
surface with or without bonded CI-, and outer-sphere Sr?*. Using both the F3C and SPC/E water
models, we observed that the Sr?* adsorbed as an inner-sphere complex has the lowest potential
energy of all sorbed species considered (Table 2). The observation of a stable inner-sphere
complex is consistent with DFT and RAXR results. However, the calculations show that Sr?*
exchanged for Ba?* in the Banigh and Baiow Sites are unstable compared with the inner-sphere Sr?*.
This is in stark contrast with the DFT results which show that the energies for the exchanged Sr?*
are similar to that for the inner-sphere Sr?* (Tables 2 and S3). Finally, potential energies from
both DFT and CMD simulations indicate that both the formation of a Sr*—CI- ion pair and
adsorption of outer-sphere Sr?* are energetically unfavorable at the barite—water interface (Table

S4).
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3.5. CMD Metadynamics: Although the DFT and CMD simulations provide results concerning
the positions and relative energetics of ions adsorbed and incorporated at the surface, it has been
well-documented that using solely potential energies does not capture absolute free energies and
the activation energy barriers of transitions between distinct states.>? 555" Here, metadynamics is
used as an alternate method to reveal the free energy landscape and to provide more detail about

the size and transitions between minima.

The free energy surfaces derived from the metadynamics for barium and strontium are
shown in Figure 7. These two surfaces are quite similar, showing four distinct inner-sphere
adsorption sites per Auc (Fig. 7), along with a more diffuse and less energetically favorable series
of outer-sphere positions. Similar to our previous results of water structuring at the barite-water
interface, we observe a strong positional correlation with the surface functional groups.®® Two of
the inner-sphere species, 1Siow and 1Shigh, coordinate Shigh, though 1Shigh also coordinates Siow.
These two species also adsorb in positions consistent with those of the bariums in the bulk
crystal lattice, with 1Siw adsorbing in the same position as the matching low barium and 1Shign
adsorbing in the same position as the matching high barium (Fig. S21). This suggests that these
are coordinated to the barite surface in a manner similar to that found within the barite lattice.
The second two inner-sphere species (ISng) are equivalent to one another, but do not adsorb in
positions consistent with the crystal lattice. Both the adsorbed strontium and barium ISng species
make one bond to a single surface sulfate (Fig. S21). Free energies of adsorption and adsorption
heights for these two species are shown in Table 1. From this, we observe that the strontium is
slightly closer to the surface than barium for the inner-sphere adsorbed positions. This is
consistent with the relative sizes of the two ions (e.g., ion-water distances of 2.62 A for

strontium, 2.82 A for barium®®). For the free energies, we observe that the barium has a more
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exothermic adsorption energy than strontium for all the inner-sphere bonding positions (e.g., -
33.7 for barium vs. -15.3 kJ/mol for strontium adsorbed in the ISiw position), yet the outer-
sphere adsorption energies are similar. The inner-sphere adsorption energies are consistent with
the relative hydration enthalpies of strontium (-1443 kJ/mol)® and barium (-1305 kJ/mol)® to
which the model was calibrated. This is rationalized in that the more strongly hydrated ion
adsorbs less strongly because of the increased cost of dehydrating the adsorbing ion. Beyond the
absolute magnitudes of sorption energies, the differences in the free energies between different
states are smaller for strontium than for barium. This is also evident from the more contiguous
free energy isosurfaces displayed in Figure 7, i.e., the minima for the strontium ISiow and the two
ISng species are well-connected whereas for barium these are more distinct. This indicates that
the activation energies for conversion between different adsorbed species states are lower for
strontium than for barium, suggesting a more fluid and dynamic adsorption for strontium
whereas barium is less reversible. Lastly, the relative free energy of adsorption for different states
varies between strontium and barium. On barium all of the inner-sphere bound states with one
bond to the surface (I1Shigh, ISng) have similar adsorption energies, but for strontium the IShigh Site
is not as preferred as the ISng sites. This may have implications for shifts in mechanisms that

have been observed during crystal growth as the ratio of aqueous [Sr]/[Ba] is increased.
4. Discussion

4.1. Strontium sorption behavior at the barite (001) surface: Based on the RAXR
measurements, strontium present at the barite (001) surface exists as mixture of incorporated,
inner-sphere adsorbed, and outer-sphere adsorbed species, with most of the adsorbed coverage in
the incorporated and inner-sphere states. Evaluating these positions based on the computational

simulations reveals the complexity of strontium interactions with the surface, particularly in the
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case of the location of the incorporated species. Based on the DFT, CMD, and XR analyses, a
probable inner-sphere adsorption site for a Sr ion is one near the position of a next-layer Bajow
ion if the crystal was extended, bonded to oxygens on Siow and Shigh. Based on the results from
the CTR measurements in the presence of strontium, we find a shift in the sulfate location upon
Sr incorporation, where Shigh moves towards the solution and Siow moves towards the bulk
crystal, which could potentially indicate accommodation of strontium incorporation into a non-
lattice position. However, the total displacements are too small — ranging from 0.14 A up to a
maximum displacement of 0.45 A — to provide the space necessary for a strontium in an off-
lattice position. Due to the finite resolution of the RAXR measurements, the best-fit model to the
RAXR data is unable to distinguish between one broadly distributed incorporated strontium
species at z = -0.809 A from two strontium species that replace the two topmost barium ions at
the surface at z = 0 and -1.1 A. However, the DFT simulations indicate that exchange of
strontium ions for Banigh and Baiow at the surface is energetically favorable. The CTR
measurements are consistent with the computational simulations as a significant reduction in the
electron density is observed in the topmost monolayer of the barite surface, which can be
modelled as a reduction in the occupancy of Banigh. Since strontium is ~30% less electron dense
than barium, replacement of barium by strontium would lead to an overall reduction in the
electron density at the surface. Therefore, we can conclude that the incorporated strontium likely

arises from exchange for barium in the topmost layer of the barite crystal lattice.

It is possible this incorporation arises from a dynamic dissolution and growth process.
Dove and Czank®® calculated barite dissolution rates to be on the order of 10"t mol/m?/s in
deionized water at 30°C. Dissolution rates would be expected to be much slower in the solutions

utilized here, which were saturated or near saturation with respect to barite. However, while
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attachment and detachment of surface ions is expected to be slow, it is not expected to be non-
existent. In addition, the CTR analysis shows that the number of barium ions that would need to
be replaced by strontium is systematically greater than the coverage of replacing strontium ions
derived from the RAXR analysis (Table S3), suggesting that there can be some unfilled sites at
the barite surface. This could result from dissolution of the surface, removing Ba, which then
could be filled with a Ba, Sr, another type of ion, or left vacant. Adsorption of Sr could then

compensate for the charge deficiency arising from vacancies.

4.2. Comparison of XR, DFT, and MD Simulations: There is overall good agreement between
the computational simulations and experimental results. Both the RAXR results and
computational simulations (DFT and CMD) indicate inner-sphere adsorption of strontium, and
outer-sphere adsorption is found to be less favorable. The DFT simulations predict favorable
exchange of strontium for bariums in the Banigh and Baiow lattice positions, while the RAXR
results also indicate incorporation into the barite lattice. However, there are differences in the
computational simulations and the experimental results, primarily in the height of the inner-
sphere adsorbed species, although this height difference appears to be derived from differences
in the barite surface structure rather than the location of Sr adsorption. The height of the
adsorbed strontium ion from RAXR (~1.7 A) was different from those from DFT, and CMD
metadynamics simulations (2.2 A, and 2.4 A, respectively). To assess the statistical significance
in these height differences, the RAXR data were fit using the positions of the computational
simulations (Fig. S17). Fitting of the RAXR measurements was constrained to the incorporated
(Baiow and Banigh heights from the DFT: z =-1.1 and 0 A; rms-width = 0.1 A) and adsorbed (z =
2.2 A; rms-width = 0.5 A) species. The DFT simulations could not determine the presence of

outer-sphere Sr>* mainly due to computational size limitations, but an outer-sphere adsorbed
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species was included in the model fitting based on the RAXR data. The quality of fit for these
positions was similar to the quality of fit for the unconstrained positions (i.e., ~10% difference in
%) despite the slight disagreement in the position in the center of mass for the inner-sphere
species (Fig. S17b). The unconstrained RAXR model predicts slightly more (0.05 + 0.01 Sr/Auc)
strontium adsorbed as an inner-sphere and slightly fewer (0.07 + 0.01 Sr/Auc) strontium
incorporated than the model constrained by the DFT positions, but overall this confirms that the
Sr inner-sphere adsorbed in the DFT simulations is likely the same one we are measuring using

XR.

To evaluate the agreement between the CMD metadynamics simulations and the RAXR
results, model fitting was constrained to the same incorporated species as the DFT simulations,
since the CMD simulations were unable to probe incorporation, and three distinct adsorbed
species predicted by the CMD simulations (ISiow, z = 2.4 A, rms-width = 0.4 A; IShigh and ISng, z
=3.5 A, rms-width = 0.4 A, and outer-sphere adsorbed, z = 6.3 A, rms-width = 1 A). The species
predicted by the metadynamics simulations at z = 3.5 A corresponds to three positions: the 1Shign
position and the two ISng positions, so these were condensed into the same species. The y? value
for this fit was ~30% higher than for the unconstrained RAXR model fit, indicating general
agreement between the RAXR and CMD (Fig. S17c). When fitting the model using the CMD
constrained positions, however, the best fit model converged to a model with no strontium
adsorption at z = 3.5 A, indicating that the CMD simulations overestimate the stability of Sr
adsorbed in either the two ISng sites and/or the 1Shign site. The amounts of strontium
incorporated, inner-sphere adsorbed, and outer-sphere adsorbed were less similar for the CMD fit
model and the unconstrained RAXR model than for the DFT fit model and the unconstrained

RAXR model. The unconstrained RAXR model predicts greater inner-sphere coverage (by 0.1 +
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0.01 Sr/Auc) and fewer incorporated (by 0.1 £+ 0.01 Sr/Auc) strontium coverages than the CMD
fit model, which may contribute to the discrepancy between the goodness of fit as compared to

the DFT model.

4.3. Strontium sorption energetics: One of the interesting features of the observed strontium
adsorption/incorporation is that the behavior does not follow a simple Langmuir isotherm. The
complex adsorption and incorporation behavior of strontium at the surface can instead be
explained with a Frumkin isotherm. However, this behavior is not driven by either adsorption or
incorporation behavior as the occupancies for the incorporated and adsorbed values are also
unable to be independently fit to a Langmuir isotherm. The negative correlation constant (y = -
4.47 £ 0.021 kJ/mol) indicates there are effective attractive interactions between sorbates, i.e.,
strontium sorption to the surface drives additional strontium sorption. A potential explanation is
that incorporation of a strontium makes subsequent adsorption of strontium more favorable. In
the CMD simulations, the top layer of sulfate ions are fluxional, i.e. they rotate in place,* which,
if true, could provide a mechanism for an adsorbed strontium exchanging with a barium ion at
the surface (especially at a surface defect where exchange may take place with lower activation
energy). Another suggestion is from the metadynamics results, which demonstrate that the
strontium ions are more likely to convert between different adsorbed species on the surface than

adsorbed barium ions (Figure 7).

To understand the energetics of Sr sorption on the barite surface, we compare the
apparent free energy of sorption (AGsr) obtained from the isotherm measurement with the
Helmholtz free adsorption energy (AFsr) of strontium from the metadynamics simulation. We
first calculate the equilibrium constant for desorption from the ISjow site for strontium (Kges =

exp(-AFs/RT), where R is the ideal gas) if we set the adsorbed species as the standard state with

26



activity = 1. This yields Kges = 102 for strontium, within an order of magnitude of the
concentration of desorption of barium in equilibrium with celestite (103?) (as a comparison,
estimated Kges = 102 for barium was also similar to that in equilibrium with barite in water, 10"
497 70 Erom this, the Helmholtz free energy for strontium adsorption was calculated to be AFs =
-15.3 kJ/mol relative to solution. This is somewhat smaller than but generally similar to the
adsorption energy estimated from the RAXR measurement of AGsy =-21.8 + 0.3 kJ/mol. This
also confirmed that the magnitude of the adsorption energy for the ISiow position is fairly
reasonable in the CMD model. However, this comparison cannot explain the sorbate—sorbate
correlation energy observed from the isotherm measurements. Whatever aspects of the barite—
solution interface that lead to a need for an effective sorbate—sorbate attractions characteristic of
the Frumkin isotherm are likely not incorporated in these calculations and may be a larger source

of error.

4.4. Differences in sorption behavior compared to other minerals: Based on the RAXR
measurements, we find that strontium sorbs onto the barite surface through multiple sorption
modes, including incorporation into the top BaSO4 layer in the crystal lattice, and adsorption on
the barite surface as both inner-sphere and outer-sphere species. Coexistence of inner-sphere and
outer-sphere adsorbed species has been reported on a number of different mineral surfaces,
including mica,” hematite,®° corundum,® and quartz.'® However, the observed coexistence of
adsorbed and exchanged strontium is distinct from adsorption of ions at many other rock-
forming mineral surfaces. On the muscovite (001) surface, cation adsorption occurs by
electrostatic attraction to the negatively charged surface. On the calcite (104) surface, which is
nominally neutral at circumneutral pH, ion sorption occurs though a range of mechanisms,

including simple adsorption,?>?> "t incorporation (e.g., Pb substituting for Ca? or arsenate
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incorporated in the crystal defects’?), and precipitation (e.g., formation of epitaxial films’3). On
barite, incorporation is limited to the topmost portion of the barite surface. The best fit models
using the DFT positions reveal that while strontium can incorporate into the Bajow Site in the
barite lattice, approximately twice as much incorporation occurs at the Banigh Site. Additionally,
there is a maximum amount of strontium which can adsorb to or incorporate into the surface,
though there is sample-to-sample variation in the total amount (additional discussion available in

the SI).

One main driving force for ion adsorption on mineral surfaces is electrostatic attraction.
For the inner-sphere adsorbed species, we observed a maximum coverage of approximately 1
Sr2* per every 3.3 unit cells (0.312 Sr?*/Auc), which corresponds to ~ 0.644 Sr?*/nm?. This
would correspond to a surface charge of ~ -0.13 C/m? if adsorption was controlled by charge
compensation. Adsorption driven through development of a negative charge on the barite surface
could occur if the bariums have been hydrolyzed, but this is unlikely, based on results from Dove
and Czank®® and the pKa for hydroxylation of the first solvation shell of aqueous barium
(13.47).7* 1t could also result from a portion of the bariums being removed from the surface and
not being fully replaced by strontium ions, creating unfilled sites at the surface. A comparison of
the amount of bariums that would need to be replaced based on the CTR results to the actual
measured incorporated strontium based on the RAXR results (Table S3) suggests it is likely there
are some unfilled sites at the barite surface. The sample-to-sample variation in strontium
adsorption suggests that the adsorption behavior is not driven through electrostatic attraction due
to an intrinsic surface charge since the samples were all measured at approximately the same pH.
As such, the terraces of the different samples would be expected to have the same or similar

surface charge. Inner-sphere adsorption has been reported for monovalent, divalent, and trivalent
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ion adsorption on the charged rutile (110) surface, but this is associated with the attractive
interaction driven by the pH-dependent surface charge of the surface oxygen sites that also serve
to complete the first coordination shell of the partially-dehydrated sorbed cations.** While in our
experiments, the barite surface is likely uncharged, in the metadynamics simulations the topmost
sulfates are rotated (Fig. S21) to complete the first coordination shell of the inner-sphere
adsorbed strontium ions. This is similar to prior simulations of barium adsorption onto barite,
where the sorbed barium (partially coordinated by the surface sulfate groups) was found to be
under-coordinated, and the type of site to which the barium was adsorbed played a role in
precisely how many waters were lost.>° For example, for a barium adsorbed in the Baiow bulk-
like position, the coordination number was found to be ~6 (relative to 8.1 in aqueous solution),
but proportionally gains three bonds to oxygens on sulfate. However, bariums adsorbed in the
Banigh bulk-like position were under-coordinated and lost an additional two waters, but with no
difference in the coordination number to oxygens on sulfate to the Baiow Species. For strontium in
this study, the coordination number of the aqueous species is 8.3, but adsorbed in the Baiow bulk-
like position, its coordination number is ~6.8, a loss of ~1.5 waters. Thus the details of the
solvation structures of the surface and sorbed species may be influencing the adsorption behavior

and the fraction of the hydration shell that is retained by the sorbed species.

Exchange of Sr?* for Ba?* in the barite surface is expected given the similarity of size and
chemical property between two cations. A similar phenomenon has been observed for calcite
equilibrated in solutions containing Pb?* in the presence of EDTA.?® In this experiment, the
amount of Pb?* incorporates up to four layers into the calcite crystal, with decreasing Pb?*
incorporating with depth and minimal surface adsorption. The authors attribute these results to a

dissolution-reprecipitation mechanism in which the amount of Pb?* in each layer decreases due
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to a decrease in the fraction of subsurface layers exposed. The authors also present evidence that
Pb?* does not adsorb to a calcite surface in the absence of EDTA, indicating that the dissolution-
reprecipitation mechanism occurring at steps exposed via etch pit formation is what is driving
Pb?* incorporation into the surface. Incorporation of radium into the barite crystal lattice has also
been observed in excess of what would be predicted thermodynamically, which also occurs via a
dissolution-reprecipitation mechanism.” This is a significantly different situation than the results
presented here — in our case the barite surface is in solutions at or very near equilibrium. This
may occur due to the relative size differences in Pb/Ca or Ra/Ba and Sr/Ba as Ra?" is larger than
Ba®*, Pb?" is larger than Ca?*, and the PbCO; crystal structure differs from that of calcite while

Sr?*is smaller than Ba?* but the crystal structures for barite and SrSO4 are the same.
5. Summary and Conclusions

The sorption of Sr?* on the barite (001) surface was investigated using a combination of
synchrotron X-ray scattering and computational simulations. Together, these results demonstrate
that strontium both incorporates into and adsorbs to the barite (001) surface. The incorporated
strontium most likely substitutes for the Baiow and Banign ions in the surface (z = 0 and -1.3 A),
while the adsorbed strontium primarily forms inner-sphere complexes. The inner-sphere Sr likely
adsorbs to oxygens in the Shigh and Siow groups, near the position of a next-layer Baiow ion if the
crystal was extended. Results from the metadynamics simulations indicate that strontium adsorbs
to barite surfaces less readily than barium, but the strontium that does adsorb to the surface
migrates more readily between IShign, 1Siow, and ISng sites than barium ions. This implies there
may be a larger energy barrier to strontium adsorption than barium adsorption. The RAXR
measurements indicate a complex sorption behavior by strontium, in which strontium coverage is

near zero at [Sr?*] < 18 uM, but sharply increases and plateaus at [Sr?*] > 25 uM. This uptake
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behavior follows a Frumkin isotherm defined with an apparent free energy of sorption, AGs =
—22 kJ/mol, and an effective attractive interaction constant, y ~ —4.5 kJ/mol, between sorbed
Sr?*. While the observed free energy can be largely explained by the Helmholtz free energy of
adsorption for Sr*, AFs; = —15.3 kJ/mol, derived from the metadynamics simulations, the origin
of the sorbate — sorbate correlation could not fully described by our computational work. In the
case of a large energy barrier limiting strontium adsorption to flat terrace regions, strontium may
adsorb more readily to defects on the surface, such as kink sites. However, our CTR and RAXR
results suggest that surface roughness does not play a significant role in the extent of strontium
coverage at the surface. Further research comparing adsorption to and incorporation into barite
surfaces with controlled defect and step densities would enable us to precisely determine the

favorability of incorporation at steps as compared to terraces.

Supporting Information
Additional methods and discussion, Figures S1-S21, Tables S1-S4
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Figure 1. a) Specular CTRs and b) normalized CTRs for barite (001) collected in a 0-225 uM
SrCl; solutions. The general shape of the CTRs is the same at all four concentrations, indicating

the strontium does not significantly affect the interfacial structure. Small differences as a result

of strontium adsorption/incorporation can be observed primarily between Q = 2 and 3 A™.
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Figure 2. Electron density profiles in the presence of 0-225 uM Sr?*. A decrease in the electron

density occurs primarily in the top monolayer (consisting of the top two bariums and sulfates) of
the surface with increasing strontium concentration. The areas encompassing the dashed lines are

the Sr-specific electron density derived from the RAXR data fit.
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Figure 3. Normalized RAXR signals (using the resonant amplitude normalization

[IFwot* — |FNrIP)/2|Fnr|, Where Fur is derived from the best-fit of the CTR data®? near the K-
absorption edge of Sr?* plotted as a function of concentration at Q = 0.54 A%, Black lines are
derived from the best fit model to the data. Each spectrum is offset along the y-axis for visual

comparison (see the green dotted lines). No modulation in the RAXR signal would be expected

in the absence of strontium. The full datasets and best-fits can be found in Figs. S4-16 in the SI.
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Figure 4. Views along (a) [001], (b) [010], and (c) [100] of inner-sphere Sr adsorption to the
barite (001) surface based on the nearest neighbor analysis of the XR measurements. The results
suggest that inner-sphere Sr adsorbs in a site near the projected Baiow position if the crystal was

extended by one layer.
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Figure 5. Normalized occupancy of adsorbed and incorporated strontium plotted as a function of
concentration of strontium in solution. Occupancies were derived from the model fits to the
RAXR spectra for each data point. A Frumkin isotherm (solid line) fit the data significantly
better than a Langmuir isotherm (dashed line). The light red shaded region corresponds to the 1-

sigma uncertainty in the normalized strontium occupancy for the Frumkin isotherm.
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Figure 6. Close-ups of configurations used in the DFT and DFT optimized CMD simulations of
(a) outer-sphere, (b) inner-sphere, exchanged (c) Baiow Site, and (d) Banign site SrCl,-barite-water.
Views are roughly along the [100] axis. O red, H white, Ba green, S yellow, Sr pink, CI light

green. Full sized views are available in the supporting documentation (S18).
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o o & 0,

Figure 7.: Free energy isosurfaces for adsorption of strontium (a, b), and barium (c, d). Views
along the [100] (a, ¢) and [010] (b, d) directions of barite are shown. The absolute minimum for
strontium adsorption was -15.3 kJ/mol, whereas for barium it was -33.2 kJ/mol. Site 1 (labelled
in b) corresponds to the 1Siow Species, sites 2 and 3 corresponds to the ISng, Site 4 corresponds to

the IShigh, and site OS corresponds to the outer-sphere ions.
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Table 1: Positions and Energies of Adsorbed Strontium and Barium derived from the CMD

metadynamics simulations.

Adsorbed Position

dbarite (A)

Strontium

AGadsorption
(kJ/mol)

Barium
AGadsorption

dbarite (A) (kJ/mOI)

|Slow

IShigh

ISne

0OS

2.4

3.5

3.6

6.3

-15

-10

-14

-7

2.6

3.6

3.7

6.3

* doarite 1S defined as the distance to the average position of the first layer of bariums in barite. **

AGadsorption 1S the free energy relative to the dissolved ion.

Table 2: Positions and Relative Energies of Adsorbed Strontium from CMD optimized DFT and

DFT simulations for qualitative comparison with the XR derived positions. Energies are relative

to the inner-sphere adsorbed ion model (z = 2.2 A).

. z(A) PE (kJ/mol) F3C PE (kJ/mol)
Sr Position Model SPC/E Model DFT results
Outer-Sphere 4.8 +78 +148 +50
Sr2*-CI" ion pair 1 +48 +83 +43*
Baiow 11 +71 +91 -6
Banigh 0 +40 +111 +8

* _ Note that the Sr?*-CI" ion pair constrained the Sr>* position to approximately 1 A above the

surface to mimic the peak of the RAXR data.
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