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ABSTRACT: A well-characterized barite powder was investigated via base titrations as functions of pH (3 to 10), ionic strength 6 (0.03 
and 0.30 m NaCl), and temperature (15 to 50 °C) and with and without added Ca2+ (0.001 and 0.002 m), along with ζ-7 potential 
measurements (25 °C, pH 2.5 to 11.5 in 0.001 m NaCl). Ba2+ concentrations measured in parallel dissolution experiments 8 and Ca2+

concentrations measured at the conclusion of titration runs were utilized to constrain solution conditions. X-ray surface 9 diffraction and 
molecular modeling results for the barite (001) surface from the literature were employed to estimate surface 10 protonation constants 
via the MUSIC model. This information was integrated into a surface complexation model (SCM) of the 11 barite−aqueous solution 
interface, with one Helmholtz plane utilized to accommodate Ba2+, Ca2+, and SO4

2− adsorption. Proton 12 uptake/release between pH 3 
and 11 was < 0.7 μmols/m2, which is approximately 10 times less than for typical metal oxides over the 13 same pH range, while ζ-
potentials were similar to metal oxide values. Although H+ uptake/release exhibited slight differences with 14 respect to ionic strength, 
temperature, and added Ca2+, these differences could not be confidently differentiated from various sources 15 of experimental error and 
model uncertainties including pretreatment procedures, blank titrations, or MUSIC model assumptions. 16 Therefore, along with binding 
constants and a Stern layer capacitance value, the SCM included a “δ” parameter, which allowed for 17 slight vertical adjustments of the 
individual base titration curves during fitting. As a result, the final model parameters for all titration 18 conditions were very similar.
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1. INTRODUCTION
The barite−water interface has been subject to considerable

scrutiny with a practical motivation being to understand and  control 
scale formation of this relatively low solubility mineral  during oil 
and gas production.1 Dissolution/precipitation  kinetics have been 
characterized via both macroscopic2,3 and  microscopic4−8

approaches, with particular focus on the (001)  and (210) surfaces 
which dominate the habit of natural barite crystals.9 Of greater 
relevance to the barite−aqueous solution interface are studies which 
have probed the molecular-level properties of the barite−water 
interface including interfacial water, surface relaxation, and adsorbed 
ion structure. Bracco et al.10 characterized the hydration structure of 
the barite (001) surface with specular and nonspecular X-ray surface 
diffraction and molecular dynamics (MD) simulations. Surface 
displace-

ments of lattice Ba2+ and SO4
2− were quantified, as were the 

configurations of adsorbed water molecules which occupy 4 
distinct positions consistent with Ba2+ and SO4

2− in the bulk 
crystal lattice. Synchrotron X-ray surface diffraction and 3 
types of molecular modeling methods were used to character- 
ize Sr2+ sorption at the hydrated barite (001) surface.11

Strontium adsorbed in both inner-sphere (IS) and outer- 
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41 sphere (OS) fashion and also exchanged for surface Ba2+.
42 Metadynamics simulations also revealed that IS Ba2+

43 adsorption was more exothermic than Sr2+ adsorption. Bracco
44 et al.12 investigated Pb2+ sorption at the barite (001) surface
45 with specular resonant anomalous X-ray reflectivity (RAXR).
46 As for Sr2+, both IS and OS adsorption as well as exchange for
47 surface Ba2+ occurred, but adsorbed amounts and adsorption
48 isotherm shapes differed, with evidence of surface precipitation
49 at Pb2+ concentrations above about 350 μM. As noted by
50 Weber et al.,13 a robust surface complexation model (SCM)
51 for the barite surface would allow these observations to be
52 incorporated into a predictive framework for ion adsorption by
53 the barite surface.
54 SCMs were first developed 50 years ago to help rationalize
55 the pH-dependent ion adsorption behavior of hydrous metal
56 oxides.14,15 Initially, SCMs were generic in nature and based
57 entirely on macroscopic observables such as pH charge
58 titrations, adsorption pH edge experiments, and the like,16

59 which resulted in a wide variety of SCM parameters that fit
60 such data equally well.17 This model ambiguity has been
61 reduced over the last 30 years by the increasing availability of
62 molecular-level information from spectroscopic and atomistic
63 simulation results which have clarified interfacial structures and
64 processes and thereby provided microscopic constraints to
65 model parameters such as adsorption constants.18 Conse-
66 quently, SCMs have evolved into a convenient integrative tool
67 with which to interpret ion adsorption at mineral−water
68 interfaces.
69 Currently, the best examples of the integrative power of
70 SCMs involve prototypical metal oxides such as Fe oxides,19−21

71 and Ti oxides,18,22 for which a wide variety of macroscopic and
72 molecular-level results exist. This is not typically the case for
73 other common mineral−water interfaces including ionic solids
74 such as carbonates and sulfates. The generally higher reactivity
75 (e.g., solubility, dissolution kinetics) of these minerals means
76 conventional acid−base pH titration and ion adsorption data
77 are difficult to correctly collect and interpret.23−25 As a result,
78 most such studies have relied exclusively on electrokinetic
79 measurements to characterize the pH-dependent behavior of
80 ionic solids such as calcite and to develop SCMs.26 However,
81 Eriksson et al.27 performed potentiometric and ζ-potential
82 titrations on calcite suspensions, with NaCl as the background
83 electrolyte. Net proton charge densities increased from about
84 −0.05 to 0 C/m2 between pH 11 and 8−9, and thereafter
85 increased much more rapidly to about 0.20−0.25 C/m2 at pH
86 7.5−7. ζ-Potentials remained positive over the same pH
87 interval, increasing from roughly 10 mV at pH 11 to > 24 mV
88 near pH 9. In a follow-up investigation, Eriksson et al.28

89 probed the effect of excess lattice ions (Ca2+, CO3
2−) on

90 proton charge and ζ-potentials. Increasing concentrations of
91 Ca2+ (as CaCl2) shifted net proton charge curves in the
92 negative direction between pH 11 and 8, while the opposite
93 was true for excessively added CO3

2− (as Na2CO3).
94 Conversely, ζ-potentials became more negative with increasing
95 CO3

2− concentrations. Neither of these studies utilized an
96 SCM to help interpret the results. Villegas-Jimeńez et al.29

97 performed potentiometric acid−base titrations on gaspeite
98 (NiCO3), a low solubility carbonate mineral which they
99 proposed is a suitable surrogate for more common carbonate

100 minerals such as calcite. Proton uptake between pH 10 and 5
101 was 4−6 μmol/m2, and zero net proton charge pH values
102 decreased from 8.7 to 6.3 with increasing background
103 electrolyte concentration (0.001 to 0.1 M NaCl). A one-site

1043-pK constant capacitance SCM adequately reproduced the
105acid−base titration data, although it was acknowledged that
106some of the fit model parameters such as capacitances were
107higher (10−15 F/m2) than physically plausible. Such high
108capacitance values have been a relatively common feature of
109carbonate SCMs,23,30,31 with several more recent excep-
110tions.32,33

111Available macroscopic studies of barite are limited to ζ-
112potential measurements in various electrolyte solutions.34−37

113In low ionic strength monovalent electrolyte media (which
114includes Ba2+ and SO4

2− from barite dissolution), these studies
115reported slightly positive and relatively constant (0 to 25 mV)
116ζ-potentials below pH 7, which then decreased rapidly to
117negative values (−25 to −35 mV) at high pH (∼9 to 13).
118Higher ionic strengths (>10−3 M), particularly with divalent
119ions markedly affected ζ-potentials with respect to pH;
120carbonate and sulfate solutions resulted in more negative ζ-
121potentials and calcium and barium solutions yielding more
122positive ζ-potentials. The role of Ba2+ and SO4

2− as potential
123determining ions for barite was investigated by Bokern et al.38

124via AFM and ζ-potential measurements. Over a narrow range
125of added Ba2+ and SO4

2− concentrations (<10−4 M), ζ-
126potentials varied linearly with log added concentration,
127corroborating their potential determining role. As far as we
128are aware, there are no SCMs dealing with barite.
129Here, we present base titrations of a well-characterized barite
130powder as functions of pH (3 to 10), ionic strength (0.03 and
1310.30 m NaCl), and temperature (15 to 50 °C) and with and
132without added Ca2+ (0.001 and 0.002 m), along with a set of ζ-
133potential data (25 °C, pH 2.5 to 11.5 in 0.001 m NaCl). These
134data along with X-ray surface diffraction and atomistic
135simulation results for the barite (001) surface from the
136literature, as well as Ba2+ concentrations measured in parallel
137dissolution experiments and Ca2+ concentrations measured at
138the conclusion of titration runs are then utilized to develop a
139SCM of the barite−aqueous solution interface.

2. MATERIALS AND METHODS
1402.1. Barite Powder. The synthetic barite powder used in
141this study was obtained from Sachtleben Minerals GmbH,
142Germany (HU-N Lot 300244374). Prior to use, the barite was
143washed; washing comprised at least 10 rinsing (distilled−
144deionized water), heating (50 °C), and decantation cycles. A
145few titrations on unwashed samples were also performed for
146comparative purposes. The washing procedure helped ensure
147that the particle surfaces were free of residue from the
148synthesis process and likely minimized ultrafine particles and
149highly reactive defect sites. Regardless, titrations were more
150reproducible after the cleaning procedure. The barite powders
151were characterized using X-ray diffraction (XRD), Brunauer−
152Emmett−Teller (BET) N2-adsorption surface area measure-
153ments, and high-resolution electron microscopy. XRD
154characterization confirmed that the samples were pure
155crystalline barite. Imaging results show monodisperse, euhedral
156grains with visible facets including (001) faces, and an average
157 f1diameter of about 40 nm (Figure 1). The N2-BET surface areas
158of the unwashed and washed powders were 23.1 and 22.1 m2/
159g, respectively.
1602.2. Experimental Procedures. The potentiometric
161titration procedure used in this study has been described in
162detail previously.39,40 For clarity, an overview of key aspects of
163the titration procedures are repeated here and additional
164details are provided as the Supporting Information. All



165 experimental solutions were prepared from reagent-grade
166 chemicals and deionized water. Solutions were prepared in
167 NaCl media, with sufficient electrolyte to produce overall ionic
168 strengths of 0.03 and 0.3 m. The effect of Ca2+ on proton
169 uptake was determined with test solutions comprising 0.001 m
170 Ca2+ and sufficient NaCl to produce ionic strengths of 0.03 and
171 0.3 m. Additional experiments were conducted at 0.3 m ionic
172 strength with a test solution containing 0.002 m Ca2+. Ca2+ was
173 chosen for study because it is typically the most common
174 divalent cation in natural waters and is expected to interact
175 with the barite surface in some manner.41 The Ca2+

176 concentrations were purposefully selected to ensure under-
177 saturation with respect to both gypsum and anhydrite
178 throughout the titration procedure. PHREEQC 342 simula-
179 tions revealed that saturation indexes for both gypsum and
180 anhydrite were always <−3.
181 For all titrations, a Mettler autotitrator and Ross semimicro
182 combination glass electrode were used. The electrode was
183 calibrated using an initial base solution, to which an acid was
184 added giving a second calibration point. The barite titrations
185 were performed by suspending ∼0.65 g of barite in ∼40 g of
186 test solution. The titration cell was immersed in a water bath at
187 the desired temperature (15, 25, 35, or 50 °C), the headspace
188 was purged with purified argon to prevent CO2 contamination,
189 and the solution was stirred mechanically throughout the
190 experiment. During each experiment, 15−25 aliquots of base
191 titrant were added over a pHm range of approximately 7 units
192 (where pHm is moles H+ per kg solution). Similarly, to ensure
193 CO2 free solutions, all base titrants were purged with purified
194 argon and stored under a positive-pressure argon atmosphere.
195 All titrations were completed in under 4 h. At the termination
196 of titrations with Ca2+, a sample was withdrawn, filtered
197 through 0.2 μm PVDF membrane filters into preweighed
198 polypropylene syringes containing a known amount of high-
199 purity 1 m HNO3. The samples were later analyzed for total
200 dissolved Ba2+ and Ca2+ concentrations by inductively coupled
201 plasma atomic emission spectroscopy (ICP-AES).

202From the titrations, net proton adsorption (desorption),
203expressed as an excess or deficit of micromole H+ per square
204meter of surface area, was obtained for each titration point.
205Consequently, a single set of acid-to-base titration data was
206obtained from each potentiometric titration. Duplicate
207titrations were conducted at 25 °C to help assess data
208uncertainty. Data reduction of the titration results followed
209standard procedures detailed in Ridley et al.39

210Proton adsorption by barite was small, making the titration
211measurements quite sensitive to small errors from minor
212protolytic impurities. Therefore, we conducted background
213titrations at each temperature and ionic strength. Background
214titrations were performed following the same procedure and
215using the same test and titrant solutions but with no barite in
216the titration cell. The values of excess or deficit H+ in these
217background titrations were used to correct the concentration
218of calculated H+ in the barite experiments. This correction is
219also referred to as a “solution blank” correction.
220Although the solubility of barite is relatively low (KSP =
22110−9.97 at 25 °C),43 there was dissolution of the barite over the
222course of the titrations. Consequently, we measured the
223dissolution of barite over several hours, equivalent to the
224duration of the titrations. The solubility experiments were
225conducted with identical solid-to-solution ratios as used for the
226titrations, and followed the same protocol. Solutions were
227prepared at three pH values (3, 4.5, and 5.5) and with
228sufficient NaCl to give 0.3 m ionic strength. The acidic pH and
229high ionic strength conditions were selected so as to maximize
230possible barite dissolution. Experiments were performed at 15,
23125, and 50 °C, and samples were withdrawn from the test
232solutions after 1, 3, and 5 h. Filtering, acidification, and later
233analysis of the samples followed the approach described for the
234Ca2+ titrations.
235ζ-Potentials were measured on 200 mg/L barite suspensions
236with a Brookhaven NanoBrook 90plus PALS instrument.
237Separate suspensions at various pH values were equilibrated
238under an argon atmosphere in 1 mM NaCl solution for at least
2392 weeks prior to ζ-potential measurements. Error was assessed
240from 5−10 measurements on separate aliquots at each pH
241value. Shorter equilibration times, including experiments with
242the addition of Ba2+ and SO4

2− to help attain solubility
243equilibrium, resulted in significant pH drift, particularly
244between pH 4 and 9, and irreproducible ζ-potential measure-
245ments. Measurement attempts at temperatures other than 25
246°C also resulted in erratic ζ-potential results. Ultimately, only
24725 °C results on suspensions equilibrated for at least 2 weeks
248were used for SCM calibration.
2492.3. Modeling. Model fits were determined with the aid of
250the custom graphical user interface P3R,33 a Python based
251optimization software employing PhreeqC 342 via Phreeqpy
252(https://phreeqpy.com/). The optimization routine minimizes
253a normalized χ2 function

i

k
jjjjjjj

y

{
zzzzzzz=

=n b

y y

y
1

i

n
i i

i

2

1

,exp ,model

,err

2

254(1)

255where n is the number of data points, b the number of adjusted
256parameters, and yexp, yerr, and ymodel are experimental values,
257their uncertainty, and the corresponding calculated value,
258respectively. The optimization was performed via a Nelder−
259Mead simplex algorithm. A Levenberg−Marquardt algorithm
260can be applied as well. Parameter uncertainties are estimated

Figure 1. Representative scanning electron micrograph (SEM) of the
barite powder used for the proton and ζ-potential titration
experiments.
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261 on the basis of “scaled sensitivities” of each adjustable
262 parameter (with value p) on each datapoint. In short, scaled
263 sensitivities are written to the (b × n) matrix X, with indices i =
264 1 ··· n and j = 1 ··· b
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266 A centered differencing scheme is used to calculate the
267 partial derivatives (unless the parameter value is at its specified
268 limit). Data weights are written to an (n × n) matrix W, where
269 wi,i = (1/yi,err)2 and all other entries are zero. The two matrices
270 X and W allow for a straightforward calculation of a covariance
271 matrix, V

= · ·V X W X( )T2 1 (3)

273 The procedure is adopted from the USGS inverse modeling
274 software UCODE.44 V is then further used to calculate
275 parameter standard deviations and correlation coefficients. A
276 nice feature of P3R is that scaled sensitivities may easily be
277 visualized together with data and fits and provide valuable
278 information on parameters particularly sensitive to fitting
279 certain parts of the data. All titrations at each temperature
280 (including ζ-potentials at 25 °C) were fit together using the
281 minteqv4.dat thermodynamic database.

3. RESULTS

2823.1. Proton Adsorption and ζ-Potential Titrations. Net
283proton adsorption curves (expressed as excess/deficit μmol
284H+/m2) of barite from 15 to 50 °C in NaCl media are shown
285 f2in Figure 2, with the results at 25 and 50 °C including data
286from experiments with both washed and unwashed barite.
287Titration curve reproducibility (±1 SD) is estimated to be 0.02
288μmol H+/m2 from duplicate titrations. Notably, proton release
289between pH 3 and 10 is minimal (<0.35 μmol H+/m2), and
290duplicate titrations (at 25 °C) show relatively small differences
291(<0.04 μmol H+/m2), especially at the low pH start of the
292titrations. Unwashed sample curves are similar in shape to
293those of the washed samples but are displaced to higher μmol
294H+/m2 values. The curves are relatively flat between pH 3 and
2958 (except for the curve at 50 °C in 0.03 m NaCl) and then
296decrease more rapidly. Net proton adsorption is always
297positive at 35 and 50 °C but decreases to small negative
298values above pH 9.5 at 15 and 25 °C for the washed samples.
299The 15 and 25 °C curves are very similar in magnitude, as are
300the 35 and 50 °C curves in 0.03 m NaCl except below pH 4.
301 f3Figure 3 shows the net proton adsorption on barite samples
302in the presence of 0.001 m Ca2+ in 0.03 and 0.3 m NaCl and
3030.002 m Ca2+ in 0.3 m NaCl. Starting μmol H+/m2 values near
304pH 3 are similar to those for washed samples in Figure 2 (0.2−
3050.5 μmol H+/m2), but the slopes of the curves above pH 5 are
306noticeably steeper and most curves attain negative μmol H+/

Figure 2. Net proton adsorption data at 15 and 25 °C (left) and 35 and 50 °C (right) in 0.03 m (circles) and 0.30 m NaCl (squares). Experimental
conditions are given in the figure legends. Error bars signify titration cure reproducibility (±0.02 μmol H+/m2).

Figure 3. Net proton adsorption data in the presence of Ca2+ at 15 and 25 °C (left) and 35 and 50 °C (right). Experimental conditions are given in
the figure legends. Error bars are ± 0.02 μmol H+/m2.
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307 m2 values. The 15 and 35 °C curves are generally lower in
308 magnitude than those at 25 and 50 °C, respectively.
309 Figure 4 shows proton adsorption isotherms with and
310 without Ca2+ present at 25 °C and also ζ-potential data

311 obtained in 0.001 m NaCl. The shape of the ζ-potential curve
312 is similar to that of the proton titration curves in the absence of
313 added Ca2+, that is, ζ-potential values are relatively constant at
314 0.03 to 0.04 V below pH 9 and then decrease rapidly to an
315 apparent pHiep (isoelectric or zero ζ-potential value) of 11.5.
316 3.2. Barite Solubility. The solubility experiments were not
317 designed to evaluate the equilibrium solubility of barite, as
318 there are well accepted studies and values. Rather, the intent
319 was to measure the degree of barite dissolution that would
320 occur over the course of the titrations. The dissolution of
321 barite after 3 h in 0.30 m NaCl at 25 and 50 °C, depicted as
322 solution Ba2+ concentrations, is shown in Figure 5, which also

323 includes the concentration of dissolved Ba2+ measured after
324 completing the acid-to-base titrations (pH > 8.5 values). The
325 results reflect decreasing dissolution kinetics with pH and
326 increasing dissolution (solubility and kinetics) with temper-
327 ature.
328 3.3. Barite (001) Surface MUSIC Model. The (001)
329 plane is the predominant cleavage surface of barite and is also

330exposed on the barite powder used in this study (Figure 1).
331Consequently, the initial step in our modeling efforts was to
332characterize the possible H+ adsorption sites of the (001)
333surface and in particular estimate the protonation constants of
334those sites utilizing the MUSIC Model.45

335In bulk barite, barium is 12-fold coordinated by oxygen,
336sulfur is 4-fold coordinated by oxygen, and each oxygen is
337coordinated to 3 barium and 1 sulfur. With Ba−O and S−O
338bond length data from Jacobsen et al.,46 bond valence (BV)
339values for Ba−O and S−O bonds were calculated via47

=BV e R R( )/0.37o 340(4)

341where Ro values for Ba and S are reference Ba−O and S−O
342bond lengths, R for Ba and S are actual Ba−O and S−O bond
343lengths, and 0.37 is an empirical constant. The Ro bond lengths
344were adjusted (to 2.247 and 1.626 Å for Ba−O and S−O,
345respectively) so that BV values for oxygen bonds to Ba and S
346totaled to 2.0 and 6.0, respectively, as expected for bulk barite.
347Forming the (001) surface results in Ba, O, and S atoms
348existing in nonequivalent high and low positions, with Ba and
349O being under-coordinated with respect to the bulk. Ba high
350and Ba low sites are coordinated by 9 and 11 O atoms,
351respectively, and 3 types of O atoms are 3-fold coordinated to
3522 Ba and 1 S atom. O(1) atoms are coordinated to 2 Ba low
353and 1 S high atom, O(2) atoms are coordinated to 2 Ba high
354and 1 S high atom, and O(3) atoms are coordinated to 1 Ba
355high, 1 Ba low, and 1 S low atom. Consequently, there are 5
356possible proton reactive sites on the (001) surface, 2 Ba sites
357which can coordinate water molecules and 3 O atoms which
358can potentially coordinate protons. These surface groups are
359 f6illustrated in Figure 6. The densities of these sites are 2.06/nm2

360for Ba high, Ba low, O(1), and O(2) atoms and 4.12/nm2 for
361the O(3) atom on the (001) surface.

362Protonation constants at 25 °C were estimated following the
363MUSIC model,45 as modified by Machesky et al.48,49

= + + +( )K A V slog ms nsH,T T cat O D A

364(5)

365where AT = temperature-dependent regression constant (21.7
366at 25 °C), V = oxygen valence (−2), Σscat‑O = BV sum of
367cation−oxygen bonds (Ba−O and S−O here), ΣmsD = BV
368sum of donating H-bonds to adsorbed H2O (sD = 0.8), and

Figure 4. Net proton adsorption (left axis) and ζ-potential (right axis)
data at 25 °C. Experimental conditions are given in the figure legends.
Error bars signify ± 1 SD titration data reproducibility.

Figure 5. Solution Ba2+ concentration vs pH after 3 h in 0.30 m NaCl
at 25 °C (squares) and 50 ° C (circles).

Figure 6. Barite (001) surface groups. Only the top monolayer is
shown. Gray shaded atoms are outside the unit cell and shown only to
highlight the bonding environment.
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369 ΣnsA = BV sum of accepting H-bonds from adsorbed H2O (sA
370 = 0.2)
371 Ba−O and S−O bond lengths were taken from Crystal-
372 Maker files (kindly provided by J.N. Bracco, Queens College,
373 City Univ. of NY) prepared from the X-ray reflectivity
374 measurements of the hydrated barite (001) surface in Bracco
375 et al.10 The bonding configuration of adsorbed water
376 molecules (numbers and lengths of donating and accepting
377 H-bonds) were assumed to equal the default values provided in
378 Hiemstra et al.45 since the Bracco et al.10 X-ray reflectivity data
379 do not include information about actual H-bond configu-
380 rations.
381 The estimated relevant protonation reactions and constants
382 are given in Table 1.

383 Note that the Ba high and Ba low groups are positively
384 charged over the accessible pH range, while the O(1) and
385 O(2) groups are unprotonated and negatively charged, and the
386 dominant O(3) group is nearly uncharged. Over our
387 experimental pH range (∼3 to 11), only the Ba−OH2

+0.152

388 and Ba−OH−0.554 groups would be expected to exhibit
389 significant pH-dependent charging behavior.
390 3.4. Surface Complexation Model. SCM development
391 was guided by available synchrotron X-ray surface diffraction
392 results and molecular simulations focused on Sr2+ adsorption
393 and incorporation at the aqueous barite (001) surface.11

394 Strontium was found to be adsorbed as mono- and bidentate
395 IS, as well as OS species, and also incorporated in the barite
396 surface via exchange with Ba2+. Although our charge titrations
397 did not include Sr2+, we assumed that both Ba2+ and Ca2+

398 would partition similarly at the interface. The electrical double
399 layer was modeled via the basic Stern formalism with the
400 surface plane reserved for H+ adsorption (Table 1) and the
401 Helmholtz plane accommodating interfacial Ba2+, Ca2+, and
402 SO4

2−. Additionally, within the diffuse layer which begins at
403 the Helmholtz plane, a “slipping plane” is situated whose
404 distance from the Helmholtz plane was a parameter used to fit
405 the ζ-potential data.50,51

406 Background electrolyte ion adsorption on the barite surface
407 was considered, but preliminary modeling efforts found that
408 inclusion of binding constant parameters for Na+ and Cl− did
409 not significantly improve fits. Hence, they were not included in
410 our final fits to reduce model ambiguity. Moreover, various
411 combinations of mono- and bidentate adsorbed configurations
412 to O(1), O(2), and O(3) surface groups for Ba2+ and Ca2+

413 resulted in virtually identical fits to our proton adsorption

414titrations. Consequently, a bidentate IS adsorption complex
415characterized by Bracco et al.11 was chosen to exclusively
416represent Ba2+ and Ca2+ adsorption to reduce model ambiguity

+ +
=

+ + +

+ + + K

O(1) O(3) Ba (Ca )

O(1)O(3) Ba (Ca )

0.390 0.013 2 2

2 2 1.623
bi Ba(Ca) 417(6)

418Spectroscopic or molecular simulation constraints on the
419nature of SO4

2− binding at the barite surface are lacking.
420Therefore, we assumed that SO4

2− adsorption occurred on
421protonated forms of the Ba high and low groups, each with the
422same binding constant

+ = ···+ KBa OH SO Ba OH SO2
0.152

4
2

2 4
1.848

SO4 423(7)

+ = ···+ KBa OH SO Ba OH SO3
1.152

4
2

3 4
0.848

SO4

424(8)

+ = ···+ KBa OH SO Ba OH SO2
0.466

4
2

2 4
1.534

SO4 425(9)

426The solution Ba2+ concentrations vs pH results for 0.3 m
427NaCl presented in Figure 5 were used to help constrain the
428dissolved Ba2+ and SO4

2− concentrations available for
429adsorption. As an approximation, a barite saturation index of
430−0.5 was used to set initial dissolved Ba2+ and SO4

2−

431concentrations for all titration conditions. Note that these
432concentrations are temperature- and ionic strength-dependent.
433Ideally, dissolved Ba2+ and SO4

2− concentrations should both
434be monitored during future titrations to obtain better
435constrained solution conditions for model adjustment.
436Fitting was accomplished by minimizing the normalized χ2

437function (eq 1) between the experimental and modeled H+

438charge/m2 and experimental and modeled ζ-potentials. Proton
439charge (C/m2) is obtained from μmol H+/m2 via multi-
440plication by the Faraday constant.
441Fitting parameters included the Helmholtz layer capacitance
442value, binding constants for Ba2+, Ca2+, and SO4

2−, and a “δ”
443value, which allowed for slight vertical adjustments of the
444individual titration curves. We also allowed the protonation
445constants for Ba (high)−OH−0.534 and Ba (low)−OH2

+0.152 to
446vary from their MUSIC model estimated values in Table 1
447above to improve fits.
448Fitting the ζ-potential data also required an additional fitting
449parameter, the slip plane distance (Ds),

= [ [ ] ]RT F F RT D(4 / )arc tanh tanh ( )/4 exp( )d s 450(10)

451where ζ = zeta potential (V), R, T, and F are the gas constant,
452temperature (K), and Faraday constant, respectively, ψd is the
453potential at the head end of the diffuse layer, and κ is the
454inverse Debye length.
455This approach to fitting ζ-potential data has been utilized in
456several previous publications,51−53 although the physical
457meaning of the slip plane itself is uncertain.54 Fit parameter
458 t2values and their standard deviations are summarized in Table

2.
460Titrations at each temperature and with and without added
461Ca2+ were fit together in iterative fashion with the aim of
462maximizing consistency among fitted parameters. Since more
463titration data were available at 25 °C than at the other
464temperatures, those results were fit first with all parameters
465listed in Table 2 allowed to freely vary. Thereafter, except for
466the δ values, it was determined that parameters at the other
467temperatures could be constrained near those at 25 °C with

Table 1. Barite (001) Surface Protonation Reactions and
MUSIC Model Estimated Constants

protonation reaction log K
a + =+ +Ba OH H Ba OH (Ba low)0.848

2
0.152 18.40

+ =+ + +Ba OH H Ba OH (Ba low)2
0.152

3
1.152 5.38

+ =+ +Ba OH H Ba OH (Ba high)0.534
2

0.466 11.58

+ =+ + +Ba OH H Ba OH (Ba high)2
0.466

3
1.466 −1.44

b + =+ +O(1) H O(1)H0.390 0.610 −0.22
b + =+ +O(2) H O(2)H0.193 0.807 −4.50
b + =+ + +O(3) H O(3)H0.013 1.013 −8.96

aThe group charge is given by V + Σscat‑O + 1 for each H atom in the
group. bThe number H-bonds accepted by these groups is assumed to
be 2.
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468 minimal change in goodness of fit as determined by χ2 values.
469 Consequently, this fitting strategy was followed at all other
470 temperatures to reduce model ambiguity.
471 Most δ values are positive (except and 15 °C) and are
472 generally greater at 35 and 50 °C than at lower temperatures.
473 Stern layer capacitance values are slightly variable around 0.25
474 F/m2. Fit protonation constants for BaOH low and Ba−OH2
475 high exhibit (+/−) 0.5 log unit variability and are uniformly
476 lower by up to 1.5 log units than their MUSIC model estimates
477 given in Table 1. The Ca2+ binding constant was fixed at 3.1
478 for the final SCM fits in order to ensure that the modeled
479 adsorbed Ca2+ concentrations were in reasonable agreement
480 with those measured at the end of the titrations. Protonation
481 constants for BaOH low, Ba−OH2 high, O(1), O(2), and
482 O(3) groups were fixed at their MUSIC-estimated values given
483 in Table 1.
484 Model fits for the 25 and 50 °C data are presented in Figures
485 7−10. The complete set of experimental data and model fits

486 are provided as research data. Model fits for the 25 °C data
487 without added Ca2+ are presented in Figure 7. Fits to the H+

488 charge data are best between pH 4 and 8, while the ζ-potential
489 data are best fit near pH 4 and again near pH 11, although
490 above pH 9, the slope of the modeled curve is much shallower
491 than for the experimental data. The fit slip plane distance of 6
492 nm is near that predicted (∼7.5 nm) at 1 mM ionic strength
493 from the empirical relationship between ionic strength and slip
494 plane distance established by Hiemstra et al.50 Fits to the 25
495 °C data with added Ca2+ (Figure 8) are best for the 0.001 m
496 added Ca2+ in 0.3 m NaCl data. Conversely, modeled and
497 measured end of titration Ca2+ concentrations are most
498 disparate for that data set.
499 Fits to the 50 °C data without added Ca2+ (Figure 9) are
500 best above pH 5 for the 0.30 m NaCl data and below pH 7 for
501 the 0.03 m NaCl data. Fits with the δ values subtracted are
502 nearly identical. Fits to the 50 °C data with added Ca2+ (Figure
503 10) are best for the 0.002 m added Ca2+ in 0.30 m NaCl data.
504 PhreeqC 3 input scripts to generate fits to the 25 °C H+ charge
505 and ζ-potential data with and without added Ca2+ are provided
506 as the Supporting Information.

4. DISCUSSION
507Proton uptake by barite is approximately 10-fold less than on
508representative metal oxides over the pH range 3−10.5 as
509 f11depicted in Figure 11. In fact, barite proton uptake is similar to
510that observed for inert surfaces such as Teflon.55 Moreover,
511there are very few proton uptake data sets available for ionic
512solids to compare with and none for barite. The calcite proton
513charge curves of Eriksson et al.27 increase from about −0.025
514C/m2 at pH 10 to 0 C/m2 at pH 8.5, which is similar to the
5150.02 C/m2 increase for our curves over the same pH interval
516(Figure 7). At lower pH, however, their calcite proton charge
517curves increase rapidly to about 0.2 C/m2 at pH 7.5 (near the
518endpoint of their titrations), while our curves plateau at 0.02−
5190.03 C/m2 near pH 4. It is conceivable that calcite dissolution
520and the formation of HCO3

− after the release of lattice CO3
2−

521is responsible for some of the increase in H+ charge they

Figure 7. 25 °C without added Ca2+ net proton adsorption (left axis)
data (0.03 m NaCl closed circles; 0.30 m NaCl closed squares), ζ-
potential (right axis) data in 0.001 M NaCl (closed triangles), and
corresponding SCM fits (lines and open symbols).

Figure 8. 25 °C with added Ca2+ net proton adsorption data (closed
symbols) and SCM fits (lines and open symbols). 0.03 m NaCl and
0.001 m Ca2+ (circles), 0.30 m NaCl and 0.001 m Ca2+ (squares), and
0.30 m NaCl and 0.002 m Ca2+ (triangles).

Figure 9. 50 °C without added Ca2+ data (closed symbols) and SCM
fit (lines and open symbols). 0.03 m NaCl (red, circles) and 0.30 m
NaCl (black, squares). The blue curves represent the fits with the δ
values subtracted.
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522 observed below pH 8.5. The proton charge curves of gaspeite
523 (NiCO3) determined by Villegas-Jimeńez et al.29 have shapes
524 analogous to our own, that is, relatively pH-independent below
525 about pH 8 and then much steeper at higher pH values.
526 However, there are two major differences between our data
527 and theirs. First, their proton adsorption densities are roughly
528 10 times higher than those observed in this study and hence on
529 par with metal oxide values. Second, their data were greatly
530 affected by ionic strength with apparent pHznpc values
531 decreasing from about 8.8 to 7.8 and 6.2 in 0.001, 0.01, and
532 0.1 M NaCl, respectively. In contrast, our data are less affected
533 by ionic strength, with the largest differences exhibited by the
534 NaCl only data, especially at higher temperatures and for the
535 unwashed samples (Figure 2).
536 In contrast, our ζ-potential curve is similar in magnitude to
537 those of both metal oxides,39,50 carbonates,29,30,56 and previous
538 barite studies.34 This similarity has its origins in the strongly
539 ordered fluid structure (water + ions) which exists within 15−
540 20 Å of most mineral surfaces.57 On inert surfaces
541 (encompassing PTFE, diamond, ice, oil) in the presence of
542 aqueous electrolyte solutions, it has also been observed that

543the interface takes up proton related charge of about one-tenth
544of typical oxide values, while ζ-potentials are similar.53,58 SCMs
545are able to handle all of these cases with consistent sets of
546parameters. Systems with low “fundamental” charge due to
547interactions with protons/hydroxide ions invariably exhibit
548appreciable electrokinetic potentials, which are in the present
549case within the model simulations.
550The low extent of proton uptake by barite means that best
551practice experimental protocols advocated for metal oxide
552potentiometric titrations such as pretreatment procedures and
553blank corrections take on added significance.59 Titration curves
554for the unwashed samples are displaced to higher μmol H+/m2

555values relative to the washed samples (Figure 2). The BET
556surface area of the unwashed sample is about 5% greater than
557that of the washed sample suggesting some removal of fines or
558annealing occurred during the washing procedure. However,
559that difference is too small to account for the degree of
560displacement. Notably, the unwashed and washed sample
561titration curves generally have the same shape and proton
562uptake over a comparable pH range. This suggests that an
563acidic impurity was released when the unwashed sample was
564added to solution, which is responsible for the positive
565displacement observed. Therefore, adjusting the unwashed
566curves vertically downward (i.e., along the μmol/m2 axis)
567brings them into closer agreement with the washed samples.
568Although our pretreatment washing procedure was extensive
569(at least 10 washing−decantation cycles at 50 °C), it is
570conceivable that it was incomplete, and consequently the small
571differences observed between individual titration curves with
572respect to ionic strength and temperature are due more to
573differences in acidic impurity levels than inherent ionic
574strength and temperature effects. That the ionic strength
575differences were larger at 35 and 50 °C than at lower
576temperatures supports this possibility. Additionally, solution
577blank corrections are 20−30% of the measurements themselves
578at the low pH start of the titrations, which contributes to the
579uncertainty in precisely locating the initial adsorbed H+

580amount. In fact, low pH solution blank corrections are likely
581responsible for the decrease in proton adsorption for some
582titration curves at low pH (e.g., Figure 3). The uncertainty in
583locating the initial adsorbed H+ value led us to include a δ
584parameter within our SCM which allows vertical adjustments
585to individual titration curves during the fitting procedure. In
586effect, H+ charge values are treated as relative rather than
587absolute quantities.
588Our fitting strategy involved fitting all data at each
589temperature together. As might be expected, fitting each
590ionic strength data set with and without added Ca2+ at each
591temperature separately resulted in better individual fits but at
592the expense of much greater parameter variability and hence
593model ambiguity. For example, at 25 °C best fit, Stern layer
594capacitance values varied from 0.1 to 0.6 F/m2, and best fit
595BaOH2

+0.446 protonation constants ranged from 3.4 to 5.1 after
596fitting each data set separately. Moreover, there was no
597discernible pattern in fit parameters with respect to either ionic
598strength or temperature in the individual curve fits. As a result,
599even when allowing δ values to vary freely during fitting, fits are
600noticeably poorer in some pH regions than others. However,
601we believe a less ambiguous SCM, in which fit parameters
602other than δ values are fairly constant (Table 2), is preferable
603to better individual curve fit quality.
604Assumptions made during the development of the MUSIC
605model for use in our SCM are another source of uncertainty.

Figure 10. 50 °C with added Ca2+ net proton adsorption data (closed
symbols) and SCM fit (lines and open symbols). 0.03 m NaCl
(circles), 0.30 m NaCl (squares), and 0.002 m Ca2+ (triangles).

Figure 11. Barite (black), quartz (red), and rutile (green) proton
charge data in 0.03 m (circles) and 0.30 m NaCl (squares).
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606 First, we assumed that the (001) face of barite exclusively
607 represents the surface of our barite powder. Although that face
608 is certainly present (Figure 1), other faces, as well as various
609 defect sites, are undoubtedly contributing to the observed
610 proton uptake. However, because of the availability of in situ
611 X-ray synchrotron results, we were at least able to utilize actual
612 hydrated surface structures in our MUSIC model calculations
613 rather than relying on the bulk surface structure. Second, the
614 MUSIC model itself has inherent limitations. It is an
615 empirically based model that nonetheless results in surface
616 protonation constant estimates that are often in reasonable
617 agreement with state-of-the-art molecular simulation methods
618 such as first-principles molecular dynamics.60 However, the
619 model is extremely sensitive to small changes in surface bond
620 lengths. For example, assuming an uncertainty of 5 pm in Ba−
621 O bond lengths on the (001) surface results in an uncertainty
622 of 4 log units in estimated protonation constant values (Table
623 1). Additionally, the protonation constants of the O(1), O(2),
624 and O(3) groups would be about 4 log units greater if the
625 number of accepting H-bonds by those groups were assumed
626 to be one instead of two. Assigning one or two accepting H-
627 bonds to such groups is an arbitrary choice, although one of
628 these options generally results in a much better result when
629 simulating proton charge data. Assuming one donating H-bond
630 would increase the protonation constant of the O(1) group to
631 4.1, which is in the accessible pH range. However, preliminary
632 modeling efforts revealed that it was not possible to
633 differentiate the protonation constant from that of the
634 BaOH2 low group (5.38) in terms of model χ2 values.
635 Hence, the number of accepting H-bonds was set as two so
636 that only the BaOH2 low group contributed to proton uptake/
637 release within the experimental pH range.
638 Despite these experimental and modeling uncertainties, our
639 SCM resulted in generally acceptable fits to our proton charge
640 and ζ-potential data, and the final set of parameters appear
641 reasonable. δ values are generally positive (except at 15 °C)
642 and greater at higher temperatures. Given that pretreatment
643 consisted of at least 10 washing/decantation cycles at 50 °C, it
644 is conceivable that higher titration temperatures were more
645 prone to releasing residual impurities than titrations at lower
646 temperatures. Moreover, δ values are small and all resulting H+

647 charges are well within the 0.1C/m2 uncertainty arising from a
648 5 pm difference in surface Ba−O bond lengths. Stern layer
649 capacitance values are lower than those typically resulting from
650 fitting metal oxide proton charge data (generally >0.5 F/m2)

651and much lower than many earlier studies involving ionic
652solids such as calcite.29,30 However, Hiemstra and Van
653Riemsdijk61 have argued that the low overall Stern layer
654capacitance values observed for ionic solids such as AgI (∼0.2
655F/m2) result from the near dielectric saturation of water at the
656interface. Given that the Stern layer capacitance can be
657expressed as

=C d/S o S 658(11)

659where εο = vacuum permittivity (8.854E-12 CV−1 m−1), εS =
660Stern layer dielectric constant, and d = distance of charge
661separation that allows the calculation of the Stern layer
662dielectric constant from our SCM. Given our fit Stern layer
663capacitance value (∼0.25 F/m2), along with IS adsorption
664height for Ba2+ above the (001) surface of 2.6 Å as estimated
665from metadynamics simulations,11 results in a Stern layer
666dielectric constant of 7.3, which is near the dielectric saturation
667value (∼6) and suggests that water in the Stern layer is highly
668structured which is consistent with the barite (001) surface
669hydration structure observed via X-ray reflectivity.10

670Fit protonation constants for the BaOH high and BaOH2
671low groups are lower than the MUSIC model estimates, but
672the <1.7 log K unit difference is well within uncertainty
673resulting from small differences in surface bond lengths.
674Ultimately, surface protonation constants should also be
675determined via molecular simulation. Barium and sulfate
676binding constants are dependent on the adsorption config-
677urations assumed. Ba2+ (and Ca2+) binding is based on a
678predominant observed bidentate structure,11 while SO4

2− is
679assumed to adsorb with the same binding constant to
680positively charged high and low Ba−OH groups (eqs 7−9).
681Distributing adsorbed Ba2+ and Ca2+ charge between the
682surface and Stern planes (the CD approach) did not improve
683fit quality. Increasing Ba2+ and SO4

2− concentrations to barite
684saturation values did not change fit parameters significantly.
685However, the fit to the 25 °C ζ-potential data was much more
686dependent on the Ba2+ and SO4

2− adsorption constants than
687were the proton charge data, indicating the importance of our
68825 °C ζ-potential data set in constraining our SCM.
689Additionally, simulated solution concentrations of Ba2+

690decrease with increasing pH consistent with the trend depicted
691in Figure 5. Conversely, solution SO4

2− concentrations are
692predicted to decrease with decreasing pH due to adsorption,
693although we have no measurements to confirm that trend. The
694Ca2+ binding constant was manually adjusted to obtain

Figure 12. 25 °C, 0.03 m NaCl, and 0.001 m Ca2+ charge speciation. The rightmost figure enlarges the y-axis of the leftmost figure between 0.025
and −0.025 C/m2.
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695 adsorbed concentrations similar to those measured. It is
696 conceivable that Ca2+ for Ba2+ exchange also contributes to
697 Ca2+ uptake. However, since we have no information on the
698 extent of that exchange, to reduce model ambiguity, only Ca2+

699 adsorption is included in our SCM.
700 Adsorbed Ba2+ concentrations are approximately 10 times
701 less than those of adsorbed Ca2+ because its greater adsorption
702 constant (Table 2) is outweighed by its ∼100-fold lower bulk
703 concentration. Our fit Ba2+ adsorption constant (log K ≈ 4) is
704 similar to that obtained in the metadynamics calculations of
705 Bracco et al.,11 which ranged from 3.7 to 6 depending on the
706 IS adsorbed complex considered. Their Sr2+ adsorption
707 constant (log K = 1.8−3.8) is also similar to ours for Ca2+

708 (3.0). The maximum adsorbed plus incorporated Sr2+

709 concentration found by Bracco et al.11 at near-neutral pH
710 was ∼0.64 Sr2+ atoms/nm2, although sample to sample
711 variability was considerable. Our corresponding model results
712 for Ca2+ are roughly 5 times less (∼0.12 Ca2+ atoms/nm2),
713 possibly reflecting the more dissimilar size and hydration
714 properties of Ba2+ and Ca2+ or alternatively inherent differences
715 between the barite powder used in this study and the barite
716 single crystals employed by Bracco et al.11

717 The predicted distribution of charged species for the 0.001
718 m Ca2+ in 0.03 m NaCl data is depicted in Figure 12. The fit
719 (sum) H+ charge curve is dominated by the balance between
720 positively charged Ba high and low sites and negatively charged
721 O(1) and O(2) sites, with the Ba high and O(1) sites being
722 especially significant because of their higher net charges. The
723 magnified right hand portion of Figure 12 shows that the
724 negatively charged Ba high group dominates the net negative
725 charge increase above pH 8, whereas the high Ba−OH3 group
726 accounts for the increasing proton charge below pH 5. The
727 bidentate Ba and Ca adsorption species contribute to the net
728 negative charge because the sum of the O(1) and O(3) group
729 charges is negative (−0.26), whereas the adsorbed SO4

2−

730 species contribute to the net positive charge because the
731 anchoring Ba−OH surface groups are positively charged.
732 As far as we are aware, the only other ionic solid study that
733 utilizes an extensive set of potentiometric and electrophoretic
734 mobility data to formulate a SCM is that of Villegas-Jimeńez et
735 al.29 for gaspeite (NiCO3). They applied a variety of surface
736 complexation reactions and EDL constructs to simulate their
737 results and concluded that a one-site, 3-pKa, constant
738 capacitance SCM best reproduced their proton charge and ζ-
739 potential data, provided that the data at each ionic strength
740 (0.001, 0.01, and 0.1 M NaCl) was modeled separately. That
741 their SCM differs substantially from ours is not surprising.
742 However, that their proton adsorption densities were 10 times
743 greater than ours deserves additional investigation.

5. CONCLUSIONS
744 The most consequential finding of this study is the low extent
745 of proton binding by the barite surface over the accessible pH
746 range. Consequently, experimental uncertainties including
747 pretreatment methods and blank corrections assume greater
748 importance compared to metal oxides where proton binding is
749 typically an order of magnitude greater. The low extent of
750 proton binding led us to include a δ parameter within our
751 SCM that allows slight vertical adjustments to the titration
752 curves to account for uncertainty. An unforeseen consequence
753 was that the fit δ values essentially collapsed all proton charge
754 titration data to a narrow range of values (e.g., Figure 9),

755resulting in a relatively constant final set of model parameters
756irrespective of temperature and ionic strength (Table 2).
757The final set of parameters were nonetheless constrained by
758ancillary experimental information, including barite (001)
759surface hydration structure and Ba2+ adsorption configurations.
760These constraints informed our MUSIC model surface
761protonation calculations as well as Ba2+, Ca2+, and SO4

2−

762adsorption stoichiometries. The final set of model parameters
763are supported by other results. The low Stern Layer
764capacitance value suggests that water is close to dielectric
765saturation near the barite surface, which is consistent with
766previous X-ray reflectivity and MD simulations. Additionally,
767the Ba2+ and Ca2+ binding constants result in Ba2+ solution
768concentrations and adsorbed Ca2+ amounts similar to those
769determined experimentally in this study. Finally, the fit slip
770plane distance agrees with the established relationship between
771that parameter and ionic strength.
772Developing SCMs which faithfully integrate macroscopic
773and molecular-level information for proton and ionic binding
774at the surfaces of ionic solids is, in many ways, more
775challenging than for metal oxides. Proton charge titrations,
776which are a mainstay of the macroscopic data available for
777metal oxide SCM development, are more difficult to acquire
778for geologically relevant ionic solids such as calcite and most
779other carbonates because of their high reactivity. Hence,
780proton charge titration data are scarce, and if our results for
781barite are the rule rather than the exception, the challenge will
782extend to accurately quantifying proton binding while
783accounting for high reactivity. In addition, recent studies
784have highlighted the roles adsorption and exchange play in the
785nucleation, growth, and foreign ion sequestration properties of
786barite.41,62,63 The coupled processes of foreign ion adsorption
787and exchange, as well as synergetic uptake, and competition
788phenomena will be a challenge for SCMs to realistically
789incorporate.
790The following recommendations, some of which have been
791previously noted by others29,30 should help guide future
792investigation. Detailed attention needs to be given to solid and
793solution properties since differences in solid pretreatment
794procedures, equilibration times, and solution compositions, as
795well as titration methodology, may result in large differences in
796pH response and consequently proton uptake. This should
797include adequate characterization and knowledge of the
798specific crystal faces investigated and the possible influence
799of defect sites especially given the low degree of H+ charge
800development observed. Additionally, both proton charge and
801ζ-potential titrations should be conducted on the same mineral
802surfaces and in the presence of a wide variety of possible
803adsorbates including the potential determining lattice ions.
804Given the low buffering capacity of barite suspensions, batch-
805type experiments with separate samples kept at initial differing
806pH values would complement the continuous proton charge
807titration protocol employed here. Moreover, potential
808adsorbate concentrations should be closely monitored during
809the entire titration procedure.
810A broader variety of complementary molecular scale
811information from X-ray surface diffraction and other
812spectroscopic techniques, as well as molecular modeling efforts
813should be obtained on barite and other ionic minerals. For
814barite, available information primarily pertains to the (001)
815surface and for a limited set of experimental and simulation
816conditions. Moreover, except for calcite, such information for
817other ionic minerals is even more limited. Especially important



818 consideration should be given to interfacial hydration structure
819 at pristine surfaces and those containing defects, which should
820 help better constrain SCM surface protonation and ion binding
821 constants.
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