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A B S T R A C T   

Surfactants are common additives to hydraulic fracturing and enhanced oil recovery (EOR) fluids, and are under 
consideration for amendment to supercritical carbon dioxide for geological carbon sequestration (GCS). The 
effect of a common anionic surfactant, internal olefin sulfonate (IOS), on mineral dissolution from shale into 
brine was evaluated. When added to brine at concentrations exceeding the critical micelle concentration (94 mg/ 
L), IOS inhibited carbonate mineral dissolution in an Eagle Ford shale, as well as dissolution of optical quality 
calcite (the dominant carbonate in the shale). Laser profilometry images provide spatial resolution across > 3 
orders of magnitude, and indicate that IOS addition to brine both enhances the formation of new etch pits in 
calcite, and impedes their further growth. Time-of-flight secondary ion mass spectrometry surface profiles show 
for the first time that IOS preferentially adsorbs at calcite pit edges versus flat calcite surfaces (i.e., terraces). 
Surface pressure calculations, sulfur K-edge near edge X-ray absorption fine structure (NEXAFS) spectroscopy 
results, and density functional theory (DFT) calculations support this observation; the DFT results indicate that 
the sulfonate head group of the IOS molecule binds strongly to the calcite step site as compared to the terrace 
site. The S K-edge NEXAFS results indicate that IOS adsorbed more to etched calcite surfaces compared to smooth 
calcite surfaces. Overall, the results indicate that weak adsorption on flat calcite surfaces (i.e., terraces) disrupts 
water structure and enhances mass transfer of dissolution, while strong adsorption on calcite pit edges displaces 
adsorbed water and inhibits further etch pit growth. This work provides the first direct evidence of preferential 
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adsorption of IOS to etched calcite surfaces and links it to macroscopic dissolution kinetics. This work has im-
plications for surfactant-containing fluids used in hydraulic fracturing, EOR and potentially GCS for subsurface 
injection into carbonate rich reservoirs.   

1. Introduction 

Shale formations have emerged as critical stratigraphic units in un-
conventional hydrocarbon recovery [1,2] and geological carbon 
sequestration [3,4]. In the former they are rich sources of oil and natural 
gas, and in the latter they serve as cap rock to prevent carbon dioxide 
escape. Shales are complex assemblages of fine mineral fragments and 
organic matter of varying reactivity [5], and in many cases are domi-
nated by highly reactive carbonate minerals (e.g., Eagle Ford shale >
60% calcite [6–8], Wolfcamp and Marcellus shales > 80% calcite +
dolomite). Shales are exposed to injected fluids during hydraulic frac-
turing and geological carbon sequestration leading to dissolution and 
secondary mineral precipitation. Dissolution has been shown to open 
pore spaces and fractures in shale matrices and create conduits for fluid 
flow [9,10], and to decrease geomechanical integrity [10,11]. The latter 
can weaken rock, promoting collapse as rubble and the closure of 
propped fractures, or promote slippage along grain and fracture 
boundaries inducing seismicity. A number of researchers have investi-
gated the effects of water with varying pH, carbon dioxide partial 
pressure (pCO2), and temperature on shale mineral reactions [3,9,12]. 
The effects of various additives have also been evaluated [13,14]. 
However, the effects of surfactants on mineral reactivity have rarely 
been addressed. 

Surfactants are commonly added to hydraulic fracturing and 
enhanced oil recovery (EOR) fluids to reduce interfacial tension and to 
alter reservoir wettability [16,17]. Anionic, cationic, zwitterionic, and 
nonionic surfactants are all used in practice, and the type selected for use 
in a reservoir depends on many factors including formation mineralogy, 
salinity, hardness, pH, and temperature [18]. Surfactant head groups 
bind to oppositely charged sites on mineral surfaces via electrostatic 
forces, and this is aided by weaker van der Waal forces [19,20]; this is 
also aided by favorable entropy changes that occur when hydrophobic 
surfactant tails partition from brine to neutrally charged mineral sur-
faces and natural organic matter. Near neutral pH, carbonates (e.g., 
points of zero chargecalcite = 8–9.5 [21]) are positive and this aids 
anionic surfactant sorption [22]. At low concentrations on mineral 
surfaces, individual and non-interacting surfactant molecules adsorb at 
the most favorable sites (e.g., edges) [23,24]. As concentrations in-
crease, hemimicelles can form at these same sites, and at less favorable 
sites, and surfactant molecules can interact with each other. Above the 
critical micelle concentration (CMC), adsorption is independent of sur-
factant concentration. Surfactants have been used to protect metal sur-
faces from corrosion in acidic solutions, with the assumption that they 
inhibit proton attack [25]. It follows that surfactants might protect shale 
mineral surfaces from dissolution, but this has not been examined. 

The ubiquity of carbonates in shales and other human-impacted 
systems (e.g., conventional reservoirs, potable groundwater aquifers, 
soil, biological systems, and engineered structures) has motivated study 
of their reactivity under widely varying conditions [26,27]. Among the 
most studied carbonate is calcite, and its dissolution is of interest in this 
study. Broadly, calcite dissolution occurs by surface etching, where 
bound calcium and carbonate ions are solubilized on calcite surfaces 
preferentially at defect sites such as step edges and edge kinks [28–31]. 
Various rate laws and mechanisms have been proposed to describe 
calcite dissolution rates. In relatively pure water, dissolution rates have 
been related to proton (aH+ ), carbon dioxide (aH2CO∗

3
), water (aH2O), 

calcium (aCa2+ ), and bicarbonate (aHCO−
3
) activities via Eq. (1) [32]. 

R = k1aH+ + k2aH2CO∗
3
+ k3aH2O − k4aCa2+ aHCO−

3
(1)  

where [H2CO3*] = ([CO2(aq)] + [H2CO3
◦]). Below ~ pH 3.5 the first 

term on the right hand side of Eq. (1) dominates. At higher pH, the 
forward reaction is governed by the second and/or third term depending 
on pCO2 and pH. The reverse (precipitation) reaction (fourth term) be-
comes important as the solution approaches saturation with respect to 
calcite. When the third term dominates, dissolution is sufficiently slow 
such that mass transfer to the calcite surface can be ignored. 

Many studies have evaluated the effects of aqueous constituents on 
calcite growth and dissolution, with the greater focus on inorganic ions. 
Both inhibition (e.g., organic acids, Fe2+, Mg2+, Sr2+, PO4

3− ) and 
enhancement (e.g. chelators, Cl− , I− , F− ,) of dissolution kinetics have 
been observed [33–42], and in some cases enhancement changed to 
inhibition or vice versa as the concentration and/or molecular weight of 
structurally similar molecules changed (e.g., polyaspartate) [43,44]. 
Inhibition kinetic effects are often attributed to ion adsorption and 
pinning at step edges [33], as well as general competitive adsorption 
with Ca2+ and/or CO3

2− [35]. Inhibition has also been related to incor-
poration of metal impurities into the carbonate mineral [36,45]. 
Enhancement of the kinetics is less common, but has been attributed to 
disruption of the adsorbed water layer at the calcite surface with 
possible lowering of the energy barrier for etch pit nucleation and 
enhanced mass transfer [43,44,46]. 

Aqueous constituents also affect calcite etch pit geometry. Rhom-
bohedral etch pits ideally form on {1014} surfaces in pure water. These 
pits primarily grow by dissolution of Ca2+ and CO3

2− along acute and 
obtuse edges, and growth along obtuse steps is faster in pure water [28]. 
Inorganic ions have been shown to favorably adsorb at acute or obtuse 
edges, and thereby promote growth of etch pits in one or the other di-
rection [33,36]. The effects of adsorbed organic ions appear even more 
complex and have been extensively studied in the field of biominerali-
zation. Organic molecules containing amino acid or carboxyl groups 
bind with calcite surface and step edges by stereochemical recognition, 
resulting in macroscopic etch pit morphology modification or stabili-
zation of different crystal facets [30,43,47–49]. Poly-n-aspartic acid, for 
example, was shown to preferentially adsorb to acute edges for n = 1, 2, 
and obtuse edges for n = 3, 4, 6 [43], thereby promoting growth in 
opposite directions. Also, different enantiomers of aspartic acid (i.e., D- 
and L-) adsorb at opposite acute edges of etch pits and yield different 
mirror image etch pit geometries [30]. The effects of surfactants, which 
have different hydrophilic functional groups (e.g. sulfonate) that can 
potentially interact with mineral surfaces and also hydrophobic chains 
that induce complex adsorption behavior by forming micelles, on calcite 
dissolution rates and etch pit morphologies have received little 
attention. 

The objectives of this study are to determine which component(s) of 
shale are most reactive with a simplified model brine (0.4 M KCl) at 
circumneutral pH and low total carbonate (CT) under ambient pCO2, 
whether an anionic surfactant protects shale mineral component(s) from 
dissolution, and to identify the mechanisms of this protection. To 
address these objectives, dissolution kinetics of an Eagle Ford shale were 
measured under ambient conditions in brine without and with the 
anionic surfactant internal olefin sulfonate (IOS). Dissolution results and 
geochemical modeling were used to identify which mineral(s) reacted 
and were protected by IOS. Calcite was identified as the primary mineral 
protected by IOS from dissolution, and the dissolution kinetics of optical 
quality calcite were similarly measured and complemented with laser 
profilometry images of resulting etch pit geometries. Calcite-brine sur-
face pressure values were determined from wettability measurements. 
Site specific distribution of IOS on calcite surfaces was evaluated with 
time-of-flight secondary ion mass spectrometry (ToF-SIMS), and further 
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probed with near edge X-ray absorption fine structure (NEXAFS) spec-
troscopy and density functional theory (DFT) calculations. These 
different methods provided multiple lines of evidence to interpret the 
mechanisms affecting calcite dissolution inhibition by IOS. 

2. Experimental 

2.1. Materials 

Most stock chemicals received were reagent grade. They include 1 M 
HCl (Aldrich® 99.99%), HNO3 (Fisher, Trace metal grade), 1 N KOH (J. 
T.Backer, analytical grade), and solid KCl (Aldrich®, 99%). A 30.1 wt% 
anionic surfactant solution of internal olefin sulfonate (IOS C15-18), 
hereafter refered to as IOS, was obtained from Shell Oil Company 
(product number O332); a representative structure of IOS is shown in  
Fig. 1a. A core sample of oil-wet shale from a burial depth of 3400 m was 
obtained from the Eagle Ford reservoir in south Texas. Optical quality 
calcite crystals from Brazil and gypsum crystals were purchased from 
Ward’s Scientific. Ultrapure water was prepared from a Thermo Scien-
tific Barnstead Nanopure Model 7143, and it was characterized by a 
resistivity of 18.2 MΩ cm. 

2.2. Brine and IOS brine solution preparation 

Ultrapure water and powdered KCl were combined to make a 
0.401 M KCl solution, hereafter referred to as brine solution. This cor-
responds to an ionic strength of 0.401 M, which is similar to lower 
values identified in Eagle Ford shale formation water [50]. The anionic 
IOS surfactant was received and stored in a highly basic stock solution to 
maintain compound stability. It was chosen because it is a common 
additive to both enhanced oil recovery and hydraulic fracturing fluids 
[51,52]. The key roles of surfactants in hydraulic fracturing and EOR are 
interfacial tension reduction and reservoir wettability alteration to a 
more water-wet state [53]. Just before use, the required amount of IOS 
stock solution was diluted to 15,000 mg/L, then mixed with HCl to 
adjust the pH to 4.3. This pH reduction transformed all carbonate spe-
cies into carbonic acid (H2CO3*). Subsequently, sonication and vacuum 
were applied to degas dissolved CO2 until no gas evolution was 
apparent. The pH of this solution was then adjusted upward to > 6 by 
adding 0.1 M KOH. The CO2 removal by sonication and vacuum was 
confirmed by acid titration with HCl. The pH-adjusted IOS stock solution 
was then diluted into brine to obtain desired IOS concentrations (e.g., 
500 mg/L and 3000 mg/L). The pH values of all brine and combined IOS 
brine solutions were adjusted to 6.3 using 0.1 M HCl before use. 

2.3. Eagle Ford shale and calcite sample preparation 

The Eagle Ford shale was used in powder form. Larger chunks of 
Eagle Ford shale were turned into powder by grinding with a mortar and 
pestle. This powder was then rinsed in brine three times by sequential 
centrifugation at 6000 rpm and decanting; this was done to remove very 
fine mineral and organic matter particles that could pass through a sy-
ringe polyethersulfone (PES) filter during experimental sampling (see 
next section). The decanted brine was discarded, and the retained solids 
(> 98%) were dried and then used in experiments. 

The optical quality calcite was used as coarse grain particles, and in 
cleaved samples. Coarse grain particles were created by first rough 
grinding using a mortar and pestle. Next, these particles were passed 
through a #20 mesh sieve, and then collected on a #100 mesh sieve, to 
obtain the desired size fraction (150–850 µm). These calcite particles 
were then quickly (minutes) rinsed by sonicating in ultrapure water and 
decanted to remove very fine particles. Cleaved samples were prepared 
by cleaving 2 mm thick by ~ 1 cm2 calcite specimens from larger blocks 
of optical quality calcite using a razor [54]. The cleaving exposed fresh 
{1014} surfaces, and the cleaved samples were immediately immersed 
in experimental solution (details below) to prevent surface contamina-
tion and reaction with the atmosphere. 

2.4. Eagle Ford shale and calcite dissolution experiments 

Eagle Ford shale batch dissolution experiments were performed in 
40 mL vials at 22 ± 1 ◦C by submerging ~ 0.5 g of powered samples in 
10 mL of brine alone or IOS mixed brine solutions (hereafter referred to 
as IOS brine), and then sampling and analyzing for dissolved elements 
and ions over time. The vials were loosely covered so that CO2 could 
exchange between brine and the atmosphere (open system), and then 
mixed with a stir bar. In most experiments, ~ 0.3 mL brine samples were 
collected at 1, 3, 6, 12, and 48 h. All aqueous samples were collected 
through a 0.22 µm syringe filter. 

Calcite batch dissolution experiments were performed in 40 mL vials 
at 22 ± 1 ◦C by submerging ~ 0.5 g of particles or cleaved samples in 
10 mL of brine alone or IOS brine, and then sampling and analyzing for 
Ca2+, pH, and total carbonate over time. As before, the vials were loosely 
covered so that CO2 could exchange between brine and the atmosphere, 
and for calcite particles the solution was continuously mixed. For all 
experiments, approximately 0.3 mL samples were collected after 1, 3, 6, 
12, and 36 h, again through 0.22 µm PES filters. 

Calcite etch-pit experiments were performed using only cleaved 
calcite pieces. In one set of experiments, the cleaved calcite pieces were 
submerged in brine alone or IOS brine for 12 h, removed from solution 
and gently rinsed with ethanol to remove salts and adsorbed IOS, dried 

Fig. 1. a) Representative structure of IOS (C17), b) surface tension as a function of log molar concentration of IOS in brine (0.401 M KCl) at room temperature.  

K.T. Kim et al.                                                                                                                                                                                                                                   



Colloids and Surfaces A: Physicochemical and Engineering Aspects 625 (2021) 126857

4

with pure N2, and then analyzed using laser profilometry. In another set 
of experiments, replicate calcite samples submerged in brine for 12 h 
were then subsequently transferred to either a solution of only brine or a 
solution of IOS brine for another 12 h. After this second aging period, the 
samples were again rinsed with ethanol, dried with N2. After each aging 
steps, the samples were evaluated using laser profilometry to track etch 
pit growth. 

All experiments were performed under ambient conditions, while 
reservoirs are typically under high pressure and elevated temperature. 
Hence, this work represents a first step toward mechanistic evaluation of 
surfactant effects on shale mineral dissolution, and further work under 
reservoir conditions is warranted. 

2.5. Measurement of Ca2+ in ion exchange sites 

The cation exchange capacity was measured following the method 
proposed by Amrhein and Suarez which is pertinent for calcite and/or 
gypsum rich soils [55]. Also, the amount of Ca2+ in ion exchange sites at 
the start of Eagle Ford shale dissolution experiments was evaluated to 
distinguish this contribution from dissolution of calcium-containing 
minerals. Briefly, powdered Eagle Ford shale samples were rinsed 
three times in brine and then placed into a 0.5 M aqueous solution of 
MgCl2. The Ca2+ in solution was then measured. The Mg2+ will displace 
Ca2+ from cation exchange sites, as well as promote mineral dissolution 
because it is under-saturated in calcium. The Ca2+ displaced by Mg2+ is 
distinguished by subtracting the concentration of constituent ions (e.g., 
CO3

2− for calcite, SO4
2− for gypsum) from the measured total Ca2+

concentration. 

2.6. Surface tension and contact angle measurements 

A Ramé-hart Model 500 Goniometer was used for surface tension and 
contact angle measurements. Surface tension values were determined 
for brine and mixtures of IOS and brine using the pendant drop method. 
The CMC of IOS also was determined by calculating an inflection point 
from the surface tension vs log IOS concentration plot (Fig. 1b). Contact 
angle values for brine and IOS brine were determined by placing a drop 
of these liquids onto a freshly cleaved or aged calcite surface, and 
measuring contact angles from image analysis. The calcite surface was 
washed between measurements following Costa and Aquilano [56]. 
Each surface tension and contact angle value reported is the average of 
five different measurements. 

2.7. Elemental and ion analyses 

Elemental analysis was performed using a Varian 710-ES inductively 
coupled plasma – optical emissions spectroscopy (ICP-OES) instrument. 
Lower detection limits for Ca and Mg are 0.03 μg/L and 0.1 μg/L, 
respectively. 100 μL of each sample collected from experimental vials 
was diluted into 9.9 mL of Nanpure water mixed with 200 μL of 
concentrated nitric acid, and then analyzed for Ca and Mg. The oxyanion 
sulfate (SO4

2− ) was measured using a Thermo scientific Dionex ICS-2100 
ion chromatograph (IC). 50 μL of each sample collected from experi-
mental vials was diluted into 0.95 mL of ultrapure water and analyzed. 
Solution pH was measured using a Mettler Toledo pH electrode LE438. 
Carbonates were measured by acid titration using HCl. 

2.8. Surface area, mineralogy, and total organic carbon 

The specific surface area (SSA) of Eagle Ford shale was measured 
using N2 adsorption with a Micromeritics 3Flex Surface Area analyzer. 
Samples were analyzed over the pressure range from 0.73 to 748 mm Hg 
at 77 K, and analyzed using the Brunauer–Emmett–Teller isotherm. 
Mineralogy and total organic carbon (TOC) of the Eagle Ford shale were 
measured by the commercial laboratory, Premier Oilfield Group. The 
former was measured by X-ray diffraction (XRD) using a Bruker D8 

diffractometer, and the later by a total organic carbon analyzer using a 
Leco-carbon analyzer. 

2.9. Laser profilometer analysis 

A Keyence VK-1100 Laser Profilometer was used to characterize 
surface morphology and pit formation. Surface profiles were mainly 
collected with 50× lens to scan 211 × 281 µm2. The vertical display 
resolution is 0.5 nm, and the precision of repeated scans in the laser 
confocal mode with the 20× lens is 40 nm. Depending on the size of the 
pits, higher magnification lenses were used. Surface profiles were pro-
cessed with VK-X series Multi-file Analyzer software. The reference plain 
setting was first performed with a relatively flat surface, and then the 
depth and area of each pit were measured by referencing the adjacent 
flat surface. The arithmetic average areal roughness (Sa) was calculated 
over the scanned area. 

2.10. IOS surface location and coverage on calcite 

IOS surface location and coverage on calcite pieces were determined 
using Time-of-Flight Secondary Ion Mass spectrometry (ToF-SIMS). 
Freshly cleaved calcite samples were aged in brine for 12 h to form etch 
pits. The brine was then mixed with IOS to reach 10 or 100 mg/L, and 
allowed to incubate for 1 h. Samples were then removed from solution, 
gently dried by blowing ultrapure N2, and placed in the ToF-SIMS in-
strument for analysis of the spatial distribution of IOS (i.e., SO2

− ) and 
calcite (i.e., Ca− , CO3

− ) containing molecular fragments. A calcite sample 
aged in brine without IOS and a drop of concentrated IOS (30.1 wt%) on 
a silicon wafer were also analyzed as controls. 

The specific instrument used was an ION-TOF (GmbH, Germany, 
2010). During the sputtering/analysis process, a Cs+ sputtering ion 
beam (beam energy 500 eV, current ~ 40 nA), and a pulsed Bi3+ cluster 
analysis ion beam (30 keV ion energy, 100 ns pulse duration) with either 
3.7 pA (depth profiling) or 2.7 pA (high-resolution imaging) of 
measured sample current, were used. Additional details are in Sup-
porting information. 

Relative amounts of IOS adsorbed on calcite with and without etch 
pits were determined using near edge X-ray absorption fine structure 
(NEXAFS) spectroscopy. A freshly cleaved gypsum (CaSO4⋅2H2O) and 
concentrated IOS (30.1 wt%) on a silicon wafer were prepared as con-
trols to determine energy shift correction and type of sulfur functional 
groups in the IOS. A freshly cleaved calcite was also analyzed as a 
control to investigate sulfur impurities. Four additional samples with 
two different surface morphologies (i.e., etched or cleaved calcite) were 
prepared by first aging cleaved calcite in brine or calcite saturated brine, 
respectively for 12 h. The brine or calcite-saturated brine was then 
mixed with IOS to reach 10 or 100 mg/L, and allowed to incubate with 
the calcite samples for 1 h. The calcite-saturated brine was used to 
prevent etch pit formation and to hydrate calcite surface prior to adding 
IOS. Samples were then collected and dried following the procedure 
described with samples for ToF-SIMS. All calcite samples were prepared 
by cleaving a single calcite crystal. 

NEXAFS measurements were performed at beamline 12-ID at the 
National Synchrotron Light Source II (NSLS-II). Fluorescence-yield (FY) 
NEXAFS data were collected near the sulfur K-edge (2449–2504 eV) and 
calcium K-edge (4030–4110 eV) using a Pilatus 300 KW detector posi-
tioned at 0.7◦ from the sample plane for both sulfur K-edge and calcium 
K-edge measurements. The total intensity from a region of the detector 
away from any scattering peaks was used as a fluorescence signal. Pre- 
edge subtraction and post-edge normalization was performed with 
Larch software [57]. Subsequently, normalized spectra were decom-
posed using multipeak fitting package 2 in Igor pro (WaveMetrics). Each 
spectrum was decomposed into 5 or less Gaussian functions and an 
arctangent function following the approach proposed by Manceau and 
Nagy [58]. 
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2.11. Geochemical modeling 

Geochemical modeling was performed using PHREEQC. The phreeqc. 
dat database was used for thermodynamic data [59]. A list of reactions 
considered is in Table S1 (Supporting information). The model was run 
by first defining the composition of brine in equilibrium with atmo-
spheric CO2 at 22 ◦C, and then equilibrating that solution with calcite 
and other Ca bearing minerals in the Eagle Ford shale (i.e., dolomite, 
gypsum). The moles of added minerals and the volume of solution were 
specified based on measured solution species and experimental condi-
tions. Additional details are in Section 3.3. 

2.12. Density functional theory calculations 

Density Functional Theory (DFT) calculations based on the Gener-
alized Gradient Approximation (GGA) were performed using the Vienna 
Ab initio Simulation Package (VASP). A plane wave basis set was used 
with an energy cutoff of 300 eV and a Gaussian smearing at the Fermi 
level with a width of 0.05 eV to improve convergence. The Per-
dew–Burke–Ernzerhof (PBE) [64] functional was used to describe elec-
tron exchange and correlation. The Brillouin zone was sampled at the 
Γ-point. The convergence criteria for electronic and geometric optimi-
zation were 10− 6 eV and 0.01 eV/Å, respectively. 

To mimic the experimental surfaces, slab models of calcite {1014}
were constructed with the atoms in the bottom layer fixed in bulk po-
sitions. The thickness of the vacuum layer was set to 14 Å to isolate the 
periodic slabs. Our model of the IOS molecule had 10 carbon atoms in 
the hydrocarbon side chains. The binding energy of the IOS molecule to 
the calcite substrate was calculated as 

Ebinding = Esurface− IOS − Esurface − EIOS (2)  

where Esurface is the energy of the calcite surface, EIOS is the energy of 
isolated IOS molecule and Esurface-IOS is the energy of the system when 
IOS binds to the calcite surface. The VASPsol code [65] was used to 
consider (implicit) solvent interactions as a continuum dielectric with a 
relative permittivity set to 78.4 to mimic water. 

3. Results and discussion 

3.1. Sample characterization results 

The measured SSA of Eagle Ford shale is 6.65 ± 0.05 m2/g. These 
results are consistent with SSA measurements in the literature for Eagle 
Ford shale [7]. Mineralogical results for our Eagle Ford shale are shown 
in Table 1. They show that the sample is comprised of 67% calcite, 8.7% 
quartz, 6.2% Illite and Mica, 4.2% Illite/Smectite mixture, 5% K-feld-
spar, 4.1% plagioclase, and minor amounts of pyrite, kaolinite, chlorite, 
apatite, and siderite. This composition is similar to that measured by 

others [6–8], except for the lack of small amounts of gypsum and 
dolomite. 

The cation exchange capacity of the Eagle Ford shale is 89.1 meq/kg. 
The Ca and alkalinity (HCO3

− ) released into brine by Eagle Ford shale 
upon exposure to 0.5 M MgCl2 after rinsing three times in brine were 
also measured. The difference between measured Ca and alkalinity was 
less than 0.01 mM. This indicates that at the start of Eagle Ford shale 
dissolution experiments (next section) there was no Ca2+ available for 
release from cation exchange sites. Any Ca2+ initially present at these 
sites was exchanged and removed during the triplicate KCl rinsing steps. 
Therefore, any Ca2+ released during Eagle Ford shale dissolution ex-
periments is likely due to mineral dissolution. 

Surface tension and contact angle results for calcite sample are 
presented in Table 2. The surface tension decreases when IOS is added to 
the brine, and there is no difference for the two IOS concentrations 
(which are both above the critical micelle concentration (CMC) of 
94 mg/L). Contact angles on freshly cleaved calcite decrease with IOS 
addition to brine. The same measurements were taken on calcite after it 
was aged 12 h in brine to create etch pits, and contact angles were lower 
for all cases. Calcite-brine interfacial tension values were calculated 
from Young’s equation [60]; similar values were obtained for all setups 
(438 mJ/m2 to 443 mJ/m2) except a lower value was obtained for aged 
calcite with brine only (411 mJ/m2). By comparison, Costa and Aqui-
lano determined a comparable value of 409 mJ/m2 for calcite and fresh 
water [56]. Aging calcite increases surface roughness (Section 3.5), 
which can further decrease interfacial tension [61,62]. Costa and 
Aquilano allowed their sample to “equilibrate in air”, which may have 
increased surface roughness. Surface pressures (F) at the calcite-brine 
interface resulting from IOS addition were calculated from differences 
in interfacial tension (F = γSL(IOSBrine),i − γSL(Brine),i, where i is for fresh or 
aged calcite) following Fowkes and Harkins [63]. Values for fresh calcite 
were very small and not distinguishable from zero, while values for aged 
calcite were relatively large; the results indicate that the IOS preferen-
tially adsorbs on aged versus fresh calcite-water interfaces. 

3.2. Dissolution of Eagle Ford shale 

Dissolution experiments were performed for Eagle Ford shale over a 
48 h period in brine and IOS brine. Results for the first 12 h are shown in  
Fig. 2, and for the entire 48 h period in Fig. S1 (Supporting information). 
At the two IOS concentrations used (i.e., 500 and 3000 mg/L), approx-
imately 61% (6.1 mg/g) and 12% (6.9 mg/g) of the IOS masses added to 
solution adsorbed to shale components, respectively, based on measured 
adsorption isotherms [64]. Total surface area covered by adsorbed 
molecules was estimated using the minimum surface area per molecule 
calculated from the Gibbs equation [65], i.e., 20.7 Å2. Detailed calcu-
lations are in the Supporting information. The total surface area covered 
by IOS at 500 and 3000 mg/L are 34.6% and 39.0% of the measured 
surface areas using N2 adsorption, respectively. Also, IOS concentrations 
in solutions (i.e., 194 mg/L and 2655 mg/L) after sorption at both 
loadings exceed the CMC (94 mg/L). The elements Ca, Mg, Fe, S, Al, and 
Si were initially monitored in solution, and only Ca, Mg, and S appre-
ciably changed. For S, the sulfate ion (SO4

2− ) was measured using ion 
chromatography and is reported in this form. 

Per Fig. 2, the concentrations of Ca, Mg, and SO4
2− all increased 

during the monitoring period, and an initial rapid rise is followed by a 
decreasing rate of increase; the pH during this time increases from 6.3 to 
approximately 8.0. This initial high rate of dissolution is expected, as 
fresh brine solution contains very few mineral species (e.g., no Ca, Mg, 
SO4

2− , and only low CO3
2− ) and the driving force for dissolution is large. 

Over time, these species build up and mineral dissolution slows, but does 
not appear to reach steady state after 48 h. The Ca concentrations at 
48 h are approximately 15–41 times greater than the SO4

2− or Mg con-
centrations, respectively. Per XRD, the only Ca containing mineral 
measured was calcite. However, the presence of Mg and SO4

2− indicates 

Table 1 
Mineralogy and total organic matter content of Eagle Ford shale sample.  

Mineral Chemical formula Eagle Ford Shale 

Calcite CaCO3 67.5% 
Dolomite CaMg(CO3)2 0% 
Siderite FeCO3 0.2% 
Apatite Ca5(PO4)3OH 0.7% 
Pyrite FeS2 1.3% 
Quartz SiO2 8.7% 
K-Feldspar KAlSi3O8 5.0% 
Plagioclase NaAlSi3O8-CaAl2Si2O8 4.1% 
Total Clays Clay constituents below 11.6% 
Chlorite  0.5% 
Kaolinite  0.7% 
Illite/Mica  6.2% 
Mixed Illite/Smectite  4.2% 
Total Organic Carbon  3.7 mg/g  
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minor amounts of dolomite and gypsum are present, and they have been 
identified in other samples of Eagle Ford shale [6–8]. 

Also per Fig. 2, Ca, Mg, and SO4
2− concentrations in brine and IOS 

brine are different. For Ca, this difference is only significant at 3 h, and 
then it becomes indistinguishable with respect to the measurement 
error. However, for Mg and SO4

2− the differences persist over 48 h, but 
the magnitudes of these differences are small compared to those for Ca at 
3 h. Results for the different IOS concentrations are not as consistent. For 
example, less Ca dissolves for IOS 500 compared to IOS 3000, whereas 
for SO4

2− the opposite is true. The reason for the conflicting trends is not 
clear, and may be due to transient uptake of IOS and/or inorganic ions 

onto ion exchange sites and/or hydrophobic domains in organic matter. 
Regardless, these results indicate that IOS protects shale minerals from 
dissolution. They also indicate that IOS primarily protects calcite from 
dissolution in the Eagle Ford shale but this effect is transient. 

The pH and total carbonate were monitored during Eagle Ford shale 
dissolution and (along with ionic strength) used to calculate ion activ-
ities (i.e., aH+ , aH2CO∗

3
, aH2O, aCa2+ , aHCO−

3
) using PHREEQC. These were 

used with calculated rate constants from Plummer et al. [32] to 
approximate which terms in Eq. (1) dominate calcite dissolution from 
the shale. At time zero to 12 h, k3aH2O dominates Eq. (1), and the 
contribution of k4aCa2+aHCO−

3 
to Eq. (1) increases with time (Table S3). At 

Table 2 
Contact angles, interfacial tensions, and adsorbed IOS.  

Parameter Brine IOS 500 IOS 3000  

Fresh Aged Fresh Aged Fresh Aged 

Brine-Calcite Contact Anglea 72.9 ± 5.4◦ 42.5 ± 10.5 38.8 ± 4.0◦ 22.5 ± 3.8 20.5 ± 1.9◦ 10.7 ± 2.2 
Brine-Air Surface Tension [mJ/m2]b 71.9 ± 0.4 28.1 ± 0.9 26.6 ± 0.01 
Brine-Calcite Interfacial Tension [mJ/m2]c 443 411 442 438 439 438 
Surface Pressure [mJ/m2]d NA NA − 0.9e 27 − 0.2e 27  

a The left and right sides of five drops on calcite were evaluated for each measurements. 
b Pendant drop method. 
c Based on Young’s relation (γLV cos θ = γSV − γSL). The surface tension of calcite with air is 464 mJ/m2 from Bruno et al. [83]. 
d From Fowkes and Harkins [63] (F = γLV,IOSBrine cos θIOSBrine − γLV,Brine cos θBrine). 
e These values result from subtracting one large number from another, and are not significantly different from zero. Therefore, these two surface pressures are too 

small for accurate quantification. 

Fig. 2. a) Ca, b) Mg, and c) SO4
2− release into solution from Eagle Ford Shale after aging in brine or IOS brine for 12 h. Initial pH of the solution is 6.3, and ionic 

strength of brine is 0.4 M. All experiments were run in triplicate, and error bar represents standard deviation. d) PHREEQC modeling results showing potential 
mineral contributions to Ca concentrations. IOS 500 and IOS 3000 refer to brine with either 500 or 3000 mg/L of IOS added. 
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48 h, k4aCa2+aHCO−
3 

slightly exceeds k3aH2O. However, the saturation 
index (SI) for calcite remains below 0 at all times, indicating only 
dissolution and not precipitation is active. 

3.3. Ca2+ mass balance in Eagle Ford shale 

PHREEQC modeling was performed to determine if the Ca measured 
in brine solution during Eagle Ford shale dissolution at 48 h was near 
equilibrium with calcite, and/or if other unaccounted sources of Ca were 
present. Modeling results are presented in Fig. 2d; model equations are 
presented in Table S1 (Supporting information). Only minerals con-
taining Ca, Mg, CO3

2− , and SO4
2− were considered, since only these were 

identified in brine. Three different mineral phases were defined in 
modeling. Calcite was defined as an infinite mineral, since 67.5% of 
Eagle Ford shale is calcite. Dolomite and gypsum were also considered 
sources of Ca, and the moles of these minerals were set equal to the 
moles of Mg and SO4

2− in solution at 48 h, respectively. Alkalinity and 
pH were measured at 48 h and were used to determine pCO2. Finally, 
modeled pH, alkalinity, Mg, and SO4

2− were compared with measured 
values for validation. The measured Ca concentration in solution after 
48 h represents the baseline for comparison. 

Results in Fig. 2d show that the measured Ca in solution is approx-
imately 95.5% of the theoretical value at equilibrium. The contributions 
from dolomite and gypsum to modeled total Ca are 2.2% and 6.6% of 
total Ca, respectively, with the remaining contribution (91.2%) from 
calcite. Aqueous Ca complexes corresponding to three different 
modeling cases in Fig. 2d are presented in Table S2. Speciation results 
for the case considering all three minerals (calcite, dolomite, and gyp-
sum) show that the effect of CaSO4(aq), which can affect the free Ca2+

concentration, is negligible. Hence, PHREEQC model results show that 
(as expected) calcite is the major contributor of Ca in solution, and they 
uniquely suggest that IOS is primarily suppressing Ca release from this 
mineral at 3 h. For this reason, the mechanisms of IOS inhibition on 
calcite were identified for further study. 

3.4. Dissolution of calcite 

The effects of 500 and 3000 mg/L IOS addition to brine on calcite 
dissolution were evaluated over 36 h using sieved calcite particles 
(150–850 µm); results are shown in Fig. 3a. As with Eagle Ford shale, Ca 
concentrations in brine with only calcite increase during the monitoring 
period, and an initial rapid rise is followed by a decreasing rate of in-
crease. This is expected because calcite constituent concentrations (i.e., 

Ca and CO3
2− ) in brine are initially very low, and they increase over time. 

Comparison of Ca concentrations in brine and IOS brine shows that IOS 
inhibits dissolution of the calcite particles, although differences at 1 and 
36 h are not significant (Fig. 3a). 

Results from the calcite particles motivated similar measurements on 
cleaved calcite at 12 h, but over a wider concentration range; results are 
shown in Fig. 3b. Measured concentrations of Ca decrease with 
increasing concentration of IOS from 1 mg/L to 50 mg/L (by up to 90% 
compared to brine only), and then increase as the IOS concentration 
exceeds the CMC (94 mg/L). The results show for the first time that a 
surfactant can substantially inhibit calcite dissolution, and that this in-
hibition is greatest at intermediate surfactant concentrations. Percent 
surface coverage at each concentration was calculated based on the 
same approach taken to calculate surface area coverage for Eagle Ford 
shale (Section 3.2), and values at 1, 10, 50, 500 and 3000 mg/L of IOS 
are 1.10%, 9.78%, 32.78%, 69.66% and 77.76%, respectively. Inter-
estingly, the minimum area per molecule calculated from the Gibbs 
equation (20.7 Å2) is in good agreement with that calculated solely from 
the adsorption isotherm assuming bilayer adsorption (26.2 Å2). Surface 
coverage calculations using either the minimum area per molecule from 
the Gibbs equation or the adsorption isotherm predict monolayer 
coverage is not exceeded, so results showing less inhibition above 
50 mg/L were not expected. 

The results suggest that above the CMC (i.e., 94 mg/L), the adsorp-
tion density decreases with increasing concentration and thus less in-
hibition occurs. This might be due to aggregation of IOS above the CMC. 
Several prior works evaluated surfactant sorption using AFM or molec-
ular dynamics (MD); they demonstrated that surfactants do not always 
form a continuous film (i.e., monolayer or bilayer). That can aggregate 
to form micelles, hemimicelles and/or rodlike aggregates on various 
surfaces at elevated concentrations [66–69]. We also determined via 
AFM that IOS can form micelles or hemimicelles on a calcite surface at 
1000 mg/L (10 × CMC). Thus, decreasing adsorption density of IOS with 
increasing concentration above the CMC appears reasonable. 

The pH and total carbonate concentration were also monitored 
during calcite dissolution and (along with ionic strength) used to 
calculate ion activities, (i.e., aH+ , aH2CO∗

3
, aH2O, aCa2+ , aHCO−

3
). These were 

used with the aforementioned rate constants to determine which terms 
in Eq. (1) dominate dissolution [32]. At zero and 3 h, k3aH2O dominates 
(Table S4). For 6 h and greater, values of k3aH2O are similar to or less 
than k4aCa2+aHCO−

3
, indicating precipitation is also possible. The satura-

tion index (SI = log(Q/Ksp)) was also calculated at each time point. It 
is negative up to and including 12 h, and equal to 0 at 36 h, indicating 

Fig. 3. a) Transient Ca release into solution from calcite particles (150–850 µm) after aging in brine or IOS brine for 36 h. b) Ca release into solution for cleaved 
calcite piece after aging in brine or IOS brine for 12 h, along with PHREEQC model results showing simulated equilibrium Ca concentration. IOS 500 and IOS 3000 
refer to brine with either 500 or 3000 mg/L of IOS added. Initial pH of the solution is 6.3, and ionic strength of brine is 0.4 M. All experiments were run in triplicate, 
and error bar represents standard deviation. 
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precipitation is likely after 36 h. 
PHREEQC modeling was also performed to determine if the Ca 

measured in brine solutions during calcite dissolution was near equi-
librium. The simulated equilibrium value is approximately 1 mM 
(Fig. 3b, blue bar). The simulated value is similar to the calcium con-
centration with cleaved calcite at 12 h (0.95 mM), but below that for 
calcite particles at 36 h (1.4 mM). The calcite particles after 36 h are 
likely closer to equilibrium; the reason that the equilibrium Ca value is 
below the measured value may be due to a small error in the final pH 
measurement. An error of 0.1 near pH 8 will result in a modeled Ca 
concentration that is 0.5 mM different. 

3.5. Calcite etch pit progression and morphology 

Laser profilometry was used to probe etch pit development and 
identify dissolution mechanisms on freshly cleaved calcite surfaces (i.e., 
{1014} face) placed in brine without and with IOS for 12 h. Results 
shown in Fig. 4 provide spatial resolution that spans more than three 
orders of magnitude. In brine only samples, relatively deep and large 
etch pits are created; etch pit depths are on the order of 5 µm, and etch 
pit side lengths are approximately 100 µm (Fig. 4a). These etch pits vary 
in shape from classical rhombohedral to more triangular, where the 
latter are truncated across the obtuse side of the rhombus along the 
[010] direction. In IOS brine by contrast, only relatively shallow and 
small etch pits are created, with depths less than 0.15 µm; also, these 
etch pits are similar at the two IOS concentrations. Etch pits side lengths 
are less than 40 µm (Fig. 4b and c). Hence, IOS addition to brine does not 
prevent initial dissolution but does appear to inhibit etch pit growth. 

Cross-sectional profiles across etch pits are also shown in Fig. 4. Etch 
pit angles were calculated, and are noted in Table 3. In the presence of 
only brine, the etch pit angle is smaller on the acute side of each 
rhombus, indicating that pit growth is faster on this edge. This is 
consistent with faster pit growth at this edge observed in the presence of 
Mg2+ by Arvidson et al. [33]. In the presence of pure water, others 
observed faster etch pit growth along obtuse edges [70]. In the presence 
of IOS brine, the shallow and small etch pits formed give rise to very 
small angles. 

Etch pit densities were calculated (i.e., etch pit area divided by total 

area), and results are presented in Fig. 5b. Surprisingly, a higher fraction 
of the calcite surface is covered with etch pits for calcite samples in IOS 
brine compared to only brine. This is also apparent by comparing Fig. 4a 
with either Fig. 4b or c. These results indicate a contrasting effect, 
namely that IOS promotes etch pit formation but restricts etch pit 
growth. These contrasting observations are possible because of the large 
spatial scale (0.05–200 µm) spanned by laser profilometry. 

In a second set of experiments, calcite surfaces reacted in only brine 
for 12 h and then dried were re-submerged in either brine or IOS brine 
for another 12 h. Results are shown in Fig. 6. As expected, etch pits 
submerged in only brine for the second 12 h continued to grow, and in 
some cases coalesced. However, etch pits submerged in IOS brine for the 
second 12 h were almost completely arrested, i.e., they do not appear to 
have grown further. Examination of the line profiles drawn through etch 
pits grown in only brine the second 12 h shows that the majority of etch 
pit growth was along the acute side of each rhombus (blue area in 
Fig. 6), again indicating preferential growth on this edge. 

A surprising result from Fig. 6 is that additional etch pits were not 
initiated when the sample initially aged in brine only was then aged for 
another 12 h in IOS brine. From Fig. 4, it is apparent that very high etch 
pit densities occur when freshly cleaved calcite is initially placed into 
IOS brine. It is possible that initially formed μm-deep etch pits domi-
nated surfactant sorption and reduce its concentration on flat {1014}
surfaces, thereby reducing the initiation of new etch pits. 

3.6. Preferential adsorption of IOS on calcite etch pits 

ToF-SIMS 2D(XY) profiles of SO2
− for a control sample (calcite aged in 

Fig. 4. Laser profilometry results showing etch pits on freshly cleaved calcite surfaces aged in a) brine or b) IOS brine for 12 h. IOS 500 and IOS 3000 refer to brine 
with either 500 or 3000 mg/L of IOS added. Arithmetic average areal surface roughness (Sa) is provided on top of each surface profile. All the numbers in this figure 
are in μm. 

Table 3 
Calcite pit angles.  

Angle Brine IOS 500 IOS 3000  

i ii iii iv v vi 

Pit Angle from Adjacent 
Horizontal at Acute Edge 

6.2◦ 6.2◦ 0.5◦ 0.6◦ 0.6◦ 0.7◦

Pit Angle from Adjacent 
Horizontal at Obtuse Edge 

53.4◦ 55.6◦ 0.8◦ 0.9◦ 1.0◦ 1.9◦
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brine) and samples aged in 10 or 100 mg/L IOS (calcite aged in brine 
and then incubated in IOS) are shown in Fig. 8. The depth profile of SO2

−

in Fig. 7 confirms that with IOS adsorption, SO2
− accumulates on the top 

surface of calcite. When no IOS is added to brine, then SO2
− is not 

detected on the sample surface (Fig. 8a). At 10 mg/L (0.1 × CMC), IOS 
appears to preferentially adsorb at acute edges, with distinct areas of 
high (yellow) and low (brown) coverage (Fig. 8b). While at 100 mg/L, 
when the concentration is near the CMC, IOS coverage on the surface 
appears more uniform with intermediate (orange) coverage (Fig. 8c). 
Preferential IOS adsorption at 10 mg/L to acute edges versus obtuse 
edges and terrace sites is facilitated by comparison of Fig. 8b to Fig. 8 d, 
where in the latter the terrace, acute edge, and obtuse edge sites are 
color coded from the laser profilometry image for ease of comparison 
with green, red, and blue shades, respectively. Interestingly, surface 
coverage on the acute edges appears to be denser than that on the obtuse 
edges. Less dense coverage on the obtuse edge might be due a lower step 
density at obtuse edges compared to acute edges. A conceptual model of 
the surface profile along the line indicated by the double arrow in Fig. 8d 
is presented in Fig. 8e. It is based on the observation that the obtuse edge 
is much steeper than the acute edge, such that the latter has more steps 
that preferentially adsorb IOS. This could give rise to more IOS 
adsorption on the acute versus the obtuse sides of the pit. 

Sulfur K-edge NEXAFS spectra of two calibrants (IOS and Gypsum), 
one control, and four experimental cases are shown in Fig. 9. By 
decomposing the calibrants (Fig. 9a, b), the energies of the s → p elec-
tron transitions of sulfonate and sulfate groups were identified and are 
approximately 2481(Gsulfonate) and 2482.5 (Gsulfate) eV, respectively; 
these are in good agreement with reported values [58]. In addition, 
sulfate impurities in IOS were also identified (Gsulfate, IOS). The optical 
quality calcite crystals used in this study originated from nature, so the 
presence of sulfur impurities (i.e., sulfite, sulfonate, and sulfate) is 
reasonable (Fig. 9c–e). For example, Pingitore et al. summarized 
different hypothetical modes of sulfur incorporation into carbonate 
minerals: i) anhydrite (CaSO4) as mineral inclusions, ii) sulfite (SO3

2− ) 
and sulfate (SO4

2− ) substitution for carbonate, iii) sulfate as fluid in-
clusions, iv) organo-sulfur as organic matter [71]. Also, Perrin et al. 
experimentally observed the existence of sulfate in their optical quality 
calcite which contains S below 100 ppm, and sulfite in their synthetic 
S-MgCalcites using NEXAFS spectroscopy [72]. 

Due to the uncertainty in the sources of sulfur impurities, we first 
used three Gaussian functions that represent individual sulfur species 
with different oxidation states to decompose the spectra. The fractional 
contributions of three different sulfur functional groups (Gsulfite, Impr, 
Gsulfonate, Impr, and Gsulfate, Impr) to the measured spectrum were calcu-
lated based on the area of Gaussian functions as shown in Fig. 9c. Sub-
sequently, to distinguish the contributions of IOS and sulfur impurities 
in the prepared samples to sulfonate (2481 eV) and sulfate (2482.5 eV), 
two Gaussian functions (e.g., Gsulfonate, IOS (red line) and Gsulfonate, Impr 

(blue line)) were used to decompose each functional group contribution 
(Fig. 9d–g). The ratio between impurities was fixed, assuming that ratios 
of sulfite to sulfonate and sulfite to sulfate for all calcite samples are 
identical, since all samples were prepared from one single calcite crystal. 
Ultimately, areas of Gsulfonate, IOS (green) in Fig. 9d–g were calculated 
and summarized in Fig. 9h. Detailed Gaussian-Arctan fitting parameters 
are in Table S5. 

Decomposed sulfur K-edge NEXAFS spectra for each of the IOS 
adsorbed calcite samples are in good agreement with findings in ToF- 
SIMS results. The existence of Gsulfonate, IOS, and differences in areas 
between samples, indicate that SO2

− detected by ToF-SIMS originates 
from adsorbed IOS on calcite surfaces. The decomposed NEXAFS spectra 
enable semiquantitative comparison of the amount of IOS adsorbed on 
calcite surfaces. Overall, amounts of IOS adsorbed on etched calcite 
samples were greater than those on unetched (i.e., Not Etched) samples. 
In agreement with ToF-SIMS results, the NEXASF spectra indicate that 
IOS preferentially adsorb more to edges compared to terraces on calcite 
surfaces. Moreover, when samples were exposed to higher concentration 
of IOS, greater amounts of IOS partitioned onto calcite surfaces (i.e., 
Fig. 9h Etched 10 vs Etched 100), as observed with ToF-SIMS (Fig. 8a–c). 

Calcium K-edge NEXAFS spectra were also measured to probe the 
effect of IOS adsorption to the surface Ca bonding environment and 
formation of polymorphs of calcium carbonate. No substantial differ-
ence in Ca K-edge NEXAFS spectra was observed between samples 
(Fig. S2). This might be due to broad spectra peaks or the signal being 
dominated by bulk calcite. Meanwhile, polymorphs of CaCO3 can form 
under different thermodynamic conditions and in the presence of sur-
factants. For example, Chen and Nan reported that precipitation of 
CaCO3 polymorphs such as aragonite and vaterite can occur in the 
presence of anionic surfactants [74]. However, as shown in Fig. S2, 
obtained Ca K-edge NEXAFS spectra of four samples and pristine calcite 
are similar with no clear signatures of other CaCO3 polymorphs (i.e., 
amorphous calcium carbonate (ACC), aragonite and vaterite) emerging. 
Future studies to optimize the surface signal will be helpful to better 
probe calcite surface chemistry. 

Prior efforts to identify preferential adsorption of solutes on edge or 
terrace sites have relied on less direct measures. Walker et al. treated 
cleaved calcite with a nonionic surfactant, hexamethyldisilazane 
(HMDS), to alter calcite wettability. They used Kelvin probe force mi-
croscopy (KPFM) to indicate preferential HMDS adsorption at existing 
step or edge sites [24]. Elhadj et al. and Sand et al. used AFM to image 
acute and obtuse step edge morphology changes during precipitation in 
the absence and presence of polyaspartic acid and polysaccharides, 
respectively [43,75]. They inferred binding location from these mea-
surements, and supported their interpretation with theoretical binding 
energy calculations. The ToF-SIMS and S K-edge NEXAFS results in this 
study provide more direct evidence of preferential IOS adsorption at 
edge sites, thereby suggesting adsorbed IOS is inhibiting dissolution via 

Fig. 5. Box plots showing a) etch pit lengths and b) fraction of calcite surface area occupied by etch pits, both after 12 h of aging in brine without (Brine) or with (IOS 
500) IOS surfactant at 500 mg/L. Box plot lines represent median, 25th, and 75th percentile values plus outliers, with mean values shown by a square symbol. 
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step pinning at these locations. 

3.7. DFT simulation of IOS adsorption on calcite surfaces 

In order to better understand the experimental results, DFT was used 
to calculate binding energies of the IOS molecule on the calcite surface, 
and binding geometries of the IOS molecule at terrace, acute and obtuse 
step sites are shown in Fig. 10. The calculated binding energies are 
shown in Table 4. Our most accurate calculations with implicit solvation 
indicate that IOS binding is strongest at the acute step (− 1.02 eV) site 
followed closely by the obtuse step (− 0.94 eV), and binding at the 
terrace site (− 0.27 eV) is weakest. The same trend was observed for both 
vacuum and our implicit solvent model, as shown in Table 4. These 
calculations help to explain how preferential IOS adsorption at both 
acute and obtuse sites can disrupt and inhibit calcite dissolution. They 
also support the preferential adsorption of IOS at acute versus obtuse 

sites as indicated by ToF-SIMS in Section 3.6, and indicate this is at least 
partially due to preferential adsorption at acute edge versus obtuse edge 
sites. 

3.8. Discussion 

Results in this work highlight two apparently opposite effects of the 
IOS on calcite dissolution. The first is the formation of more etch pits (i. 
e., higher density) in the presence of IOS (e.g., 12 h, Fig. 3b), and the 
second is the inhibition of etch pit growth by IOS once they are created. 
Miyata et al. used MD and DFT to interrogate mechanisms responsible 
for the growth of etch pits [76]. They simulated dissolution at a calcite 
edge site, and determined that dissolution starts when adsorbed water 
dissociates, and the proton is transferred to CO3 and the hydroxyl ion to 
Ca. This allows bonds between the proton stabilized CO3 and Ca to 
break, creating a separate bicarbonate ion (HCO3

− ) that desorbs from the 

Fig. 6. Laser profilometry results showing etch pits on freshly cleaved calcite surfaces a) aged for two sequential 12 h periods in brine only, and b) aged for two 
sequential 12 h periods with brine first, and then in IOS brine. IOS 500 refers to brine with 500 mg/L of IOS added. Arithmetic average areal surface roughness (Sa) is 
provided above each surface profile. All the numbers shown in this figure are in μm. 
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calcite edge. The HCO3
− then decomposes to a hydroxide ion and CO2, 

the hydroxide ion adsorbs to Ca, and adsorbed Ca(OH)2 is formed which 
can desorb into solution. The CO2 released into solution then forms bi-
carbonate in bulk water at circumneutral pH. That study highlights the 
importance of adsorbed water in facilitating Ca and CO3 hydration at the 
calcite surface and indicates that solutes that disrupt adsorbed water will 
affect calcite dissolution. 

Nada and Shen et al. determined the binding conformation of 
aspartic acid and polystyrene sulfonate on a calcite {1014} surface using 
MD [48,77]. First, they showed that three layers of structured water 
molecules form on the calcite {1014} surface. Adsorbed aspartic acid and 

polystyrene sulfonate are separated from calcite 
{

1014
}

surface by one 

or two intervening structured water molecules, and form a weak 

nonspecific bond with calcite 
{

1014
}

surface. In addition, Elhadj et al. 

studied the effect of polyaspartic acid concentration and chain length on 
calcite crystal growth, and observed growth enhancement at low con-
centrations and a transition to growth inhibition at high concentrations, 
where the transition occurred at lower concentrations for larger poly-
aspartic acids [43]. They attribute the transition to the number of calcite 
edge sites where polyaspartic acids displace water molecules. At low 
polyaspartic acid concentrations and low water displacement, sufficient 
restructuring of water occurs at the calcite surface to reduce the energy 
for diffusion of solvated ions across this boundary [44]. However, at 
high polyaspartic acid concentrations and high water displacement, 
there is sufficient dehydration of contiguous water molecules at the 
surface that solvation of Ca and CO3 is inhibited. It follows that the 
strength and/or amount of IOS adsorption on flat versus edge sites may 
control contrasting patterns of rapid initial pit formation versus slow pit 
growth during dissolution. 

Surface pressure values calculated from interfacial tensions (Table 2) 
indicate preferential IOS adsorption to etched versus smooth calcite 
surfaces, where the former have a higher density of edge sites. ToF-SIMS 
and S K-edge NEXAFS results support this interpretation, and the former 
shows IOS preferentially adsorbs to acute versus obtuse and terrace sites. 
Our DFT results also support this interpretation, and show slightly more 
favorable IOS adsorption at acute versus obtuse edge sites, both of which 
are much more favorable than adsorption at terrace sites (i.e., by 
0.66–0.74 eV). Similarly, Elhadj et al. found that polyaspartic acids 
adsorb more strongly to calcite edge versus terrace (flat) sites (by 
1.3–6.5 eV) [43]. This leads us to postulate a conceptual model, where 
oxygen in the sulfonate head group of IOS interacts with Ca at calcite 
surfaces and displaces water. On calcite terraces, weaker adsorption 

energies indicates that fewer adsorbed IOS molecules per area displace 
less water, and they are characterized by faster attachment and 
detachment rates compared to edge sites. This disruption of water at flat 
surfaces could lower the energy barrier for diffusion of solvated mole-
cules across the water hydration layer and promote faster pit formation 
(relative to brine only). However, at edge sites, where more strongly 
adsorbed IOS molecules are present, IOS molecules displace many more 
water molecules, and this inhibits CO3 and Ca solvation and retards pit 
growth. Our calcite dissolution results with varying IOS concentrations 
show that as IOS concentrations exceed the CMC calcite dissolution rates 
increase, and this appears to be caused by IOS aggregation into micelles 
or hemimicelles on the calcite surface that reduces edge site adsorption 
coverage. 

Surface complexation models (SCMs) for carbonates have been used 
to explain adsorption isotherms, surface charge, and to model dissolu-
tion and growth kinetics when inhibitors are present [78–82]. Defining 
reactions of surface species and their concentrations significantly affects 
the accuracy of modeling results. For example, Tagavifar et al. used the 
diffusion layer model (DLM), which assumes formation of inner sphere 
complexes, to model surfactant binding to a limestone surface without 
intervening water molecules [80]. They suggested two different surface 
reactions were needed based on the surfactant chemical structure: 
strong adsorption by charge regulated complexation with the surfactant 
head group; weak adsorption by hydrogen bonding between ethoxy or 
propoxy groups in the hydrocarbon chain. These proposed complexation 
reactions were not supported by spectroscopic or computational (i.e., 
MD and DFT) evidence. However, binding energies from our DFT efforts, 
as well as ToF-SIM and S K-edge NEXAFS results, support stronger inner 
sphere complexation of IOS at defect sites (i.e., acute and obtuse edges). 
They also support weaker complexation at terrace sites, and the exact 
conformation of IOS at these sites requires further study via DFT and/or 
spectroscopic evaluation. 

4. Conclusions 

Primary findings in this work are the following: 

• Adsorption of IOS to surfaces of minerals in Eagle Ford shale kinet-
ically inhibited overall release of Ca into bulk solution, and this is 
attributed to inhibition of calcite dissolution.  

• IOS adsorption from brine to calcite both enhances initial etch pit 
formation, and prevents further etch pit growth.  

• ToF-SIMS, S K-edge NEXAFS and DFT results indicate that IOS 
preferentially adsorbs to edge sites compared to terrace sites. 

• The weak binding of IOS to terrace sites observed in this work sug-
gests that enhanced etch pit formation in IOS-containing brines is 
due to the disruption of structured water molecules at flat surfaces by 
IOS, resulting in relatively lower energy barriers for diffusion of 
solvated ions to and from the calcite surface.  

• The strong preferential binding of IOS to edge sites suggests that 
inhibited etch pit growth in IOS-containing brines is due to 
displacement of water molecules at defect sites (i.e., obtuse and acute 
edges) by strongly adsorbed IOS molecules, resulting in limited sol-
vation of calcite. 

This work shows for the first time how surfactant adsorption amount 
and location to calcite surfaces can be probed over spatial scales 
approaching hundreds of microns using optical profilometry coupled 
with ToF-SIMS and NEXAFS spectroscopy. By comparison, AFM mea-
surements of surfactant adsorption on calcite surfaces are limited to only 
a few microns. The implications of these results are that surfactants 
added to slick water, foams, and carbon dioxide injected into shale or 
conventional formations can inhibit dissolution of carbonate minerals. 
This may mitigate the formation of preferential flow paths, that could 
enhance oil and gas recovery from shales, or serve as conduits for up-
ward fluid migration from deep reservoirs to potable groundwater. 

Fig. 7. Background CO3
− normalized SO2

− ToF-SIMS profiles of calcite under 
two different conditions. Solid black line is a sample without IOS, whereas red 
line is a sample dried after exposure to IOS 500 for 1 h. 
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Fig. 8. ToF-SIMS 2D(XY) images of SO2
− distribution on calcite surfaces after a) aging in only brine for 12 h and then drying, b, c) aging in only brine for 12 h, 

followed by 10 and 100 mg/L IOS addition, respectively for an additional 1 h, and then drying, d) comparison of laser profilometer result and corresponding b) ToF- 
SIMS 2D(XY) image of SO2

− ; green, red, and blue shades correspond to terrace, acute edges, and obtuse edges, respectively, e) schematic representation of IOS 
adsorbed on the calcite surface; surface profile (blue line) shown in e) corresponds to the blue line in d). 
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Further work is needed to determine if the observed effects extend to 
reservoir pressures and temperatures, and possible implications of these 
mechanisms in real reservoirs. 
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