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Hypothesis: Ion adsorption on mineral surfaces depends on several factors, such as the mineral surface
structure and the valency, size and hydration of the ion. In order to understand competitive adsorption
at mineral surfaces, experimental techniques are required that can probe multiple ionic species at the
same time. By comparing adsorption of two different cations, it should be possible to derive the factors
governing ion adsorption. Divalent cations are expected to bind stronger to the negatively-charged mus-
covite surface than monovalent cations.
Experiments: Here, the competition between the monovalent Cs+ and the divalent Ca2+ cation for adsorp-
tion at the muscovite mica basal plane was investigated using surface X-ray diffraction. Using an
extended surface complexation model, we simultaneously fit the measured cation coverages and net sur-
face charges reported in literature.
Findings: In order to reproduce those complementary data sets, both cation adsorption and anion coad-
sorption were included in the surface complexation model. Moreover, the intrinsic muscovite surface
charge and the maximum of available adsorption sites had to be reduced compared to existing literature
values. Competition experiments revealed that the affinity of Cs+ for the muscovite surface is larger than
the affinity of Ca2+, showing that hydration forces are more important than electrostatics.
� 2019 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The adsorption of cations at mineral surfaces is usually studied
under ideal conditions, e.g. by using a single salt, in order to avoid
overcomplicating the system. However, in real-world natural envi-
ronments such as seawater, many different ionic species are pre-
sent, all competing for the same adsorption sites. A typical
example is encountered during low salinity water flooding in
enhanced oil recovery. In certain reservoirs, injecting water with
low salinity was found to release more initially bound oil mole-
cules than water with high salinity; however, the precise mecha-
nism of this phenomenon is still unknown [1]. One possible
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mechanism is the exchange of divalent cations, which bridge polar
oil components to the mineral surface, with monovalent cations
under low salinity conditions [1,2]. To understand these complex
competition processes, experiments that contain multiple ionic
species at the same time need to be conducted. However, many
frequently-used experimental techniques, such as surface force
apparatus (SFA) [3,4] and atomic force microscopy (AFM) [5,6],
are not capable of differentiating between cations in a mixture
containing multiple salts, due to the ‘chemical blindness’ of these
techniques.

On the other hand, surface X-ray diffraction (SXRD) can be used
to investigate a single ion species in an ionic mixture in two ways.
If the experimental X-ray energy is close to an absorption edge of
one of these ions, anomalous SXRD experiments can be used [7–
9]. In these experiments, the element-specific distribution of an
ion of interest at the interface can be determined, provided that
the X-ray absorption edge energy, at which the element absorbs
a photon, is experimentally accessible. A second way to investigate
a single ion species in a mixture is by looking at the difference in
diffracted intensity, which scales with electron density. A heavy
cation will thus have a larger effect on the diffraction pattern than
a lighter cation. In a mixture of heavy and light ion species, the
electron density will be in between that of only the light cation
and only the heavy cation. By using this, it is possible to determine
the adsorbed occupancies of both cationic species by using the dif-
ference in electron density. In this article, we use the latter method
to follow the adsorption of cations at the mineral surface. In this
case it is not possible to use anomalous diffraction because the
X-ray adsorption edge of the light atom is not experimentally
accessible.

Our aim is to identify the relevant mechanisms governing the
mineral-electrolyte interface. SXRD, however, is only sensitive to
the interfacial structure and does not yield information about the
charge of the surface. The surface charge can be obtained by for
example zeta potential or AFM measurements [10]. To fully under-
stand the interface, we should ideally combine both the interfacial
composition and electrostatic data in a single model. Here we con-
struct a surface complexation model that simultaneously describes
both cation coverages measured acquired in this study using SXRD
data and electric double layer data previously reported by Bera
et al. [11].

Muscovite ideal chemical formula KAl2(Si3Al)O10(OH)2) is an
excellent mineral model system for this experiment. After cleavage
of muscovite, a clean and atomically flat (001) surface is exposed
[12]. It is known that this surface is negatively charged due to iso-
morphous substitution of 25% of Si by Al [13]. The negative charge
is compensated by the presence of 0.5 monolayer of K+ ions. These
K+ ions are located above the center of the six-membered SiO4 ring,
called the cavity site. By submerging muscovite in an electrolyte
solution, loosely bound surface K+ ions can be exchanged by other
cations, e.g. Cs+ or Ca2+ [14,15]. Previous research showed that Cs+

strongly adsorbs to muscovite and significantly changes the dif-
fracted intensity due to its strong X-ray scattering [16–19]. This
strong change in diffracted intensity can be used to determine
the amount of adsorbed Cs+ in a solution containing a mixture of
Cs+ and a lighter cation. In this study, Ca2+ is chosen as the light
cation because of its biological and geophysical relevance (e.g. in
seawater and (bio) mineralization). In this way, we can investigate
the influence of concentration, valency and hydration energy on
the adsorption at the muscovite-electrolyte interface. We will
show that we can unite occupancies of adsorbed cations measured
with SXRD and electric double layer data measured by AFM in a
single surface complexation model. From the analysis of the
Cs+/Ca2+ competition, we find that Cs+ has a higher affinity for
the negatively charged muscovite mica surface than Ca2+, despite
the lower valency of Cs+.
2. Experimental and theoretical methods

2.1. Sample preparation

Pieces of muscovite mica (ASTM-V1 quality grade, S&J Trading
Inc.) of approximately 45 � 45 mm2 were cleaved along the (001)
plane using a scalpel and immediately submerged in approxi-
mately 50 mL of a salt solution. CaCl2 (Merck, P99.5% pure) and
CsCl (Sigma, P98% pure) were used as electrolytes. All measure-
ments were conducted with a total salt concentration of 25 or
475 mM. For at least 30 min, the muscovite remained in solution
to equilibrate. During this step, the K+ surface ions are exchanged
for Cs+ and/or Ca2+ ions [14,15]. The concentration of the salts is
much higher than that of K+, which is in the order of lM [19].
Moreover, the individual K+ ions are expected to reside at the sur-
face for less than a second [20], which is much shorter than the
equilibration time of 30 min. After the ion-exchange step, the sam-
ple was placed on the sample holder, which was later mounted on
the diffractometer. To ensure a stable environment and to prevent
evaporation of the liquid film, additional drops of solution were
added on top of the sample and in the experimental cell. Subse-
quently, the sample was covered with Mylar foil (13 lm, Lebow
Company) and the excess liquid on top of the muscovite was gently
pushed away using a tissue. The pH of the solutions was 6.0 � 0.6
for all samples, as was measured by a pH meter and pH paper. The
surface was scanned to find an area of single surface termination
by measuring the (1 1 1.3) reflection [18]. First, the sample was
measured at room temperature (RT) and the samples with a total
salt concentration of 475 mM were subsequently measured at
63 � 2 �C (HT). For the HT measurements, the metal sample holder
was heated internally using a Lauda heating circulator. This set-up
was calibrated in advance to obtain the actual temperature on top
of the muscovite crystal. For each experiment, a new piece of mus-
covite was used.
2.2. Surface X-ray diffraction

Surface X-ray diffraction measurements were performed at the
I07 beamline of the Diamond Light Source, using a (2 + 2)-type
diffractometer with the crystal mounted horizontally and a Pilatus
100 K area detector. A beam size of 200 � 100 lm2 and X-ray
energy of 20 keV were selected. For most data sets the (0 0),
(1 1), (1 1), (2 0) and (3 3) crystal truncation rods were acquired,
whereas for the pure CsCl and CaCl2 systems additional rods were
also obtained. For nonspecular crystal truncation rods, a constant
angle of incidence of 0.6� was used. Some rods were measured
again after a few hours and did not show any differences, indicat-
ing that the X-ray beam does not significantly affect the interface
structure. To convert detector images into structure factors, the
‘ARTS’ MATLAB script was used, whereas the ROD program [21]
was used to fit the interfacial structure. Muscovite mica atomic
positions and lattice parameters (C2/c, a = 5.1906 Å, b = 9.0080 Å,
c = 20.0470 Å, b = 95.757�) were taken from Güven [22]. Anoma-
lous dispersion coefficients at 20 keV [23] and atomic scattering
factors [24] were used, taking into account the substitution of
25% of the Si with Al in the bulk crystal structure. Carefully cleaved
muscovite mica has only one surface termination, which makes it
impossible to use symmetry-equivalent reflections to estimate
the error in the data [18]. Systematic errors are typically between
5% and 15%, therefore the error in the data was set to 10% [18]. For
some of the data sets an error of 5% was tested, but this did not
yield a different interfacial structure compared to an error of
10%. It is important to note that a candidate structure was not
judged on the absolute v2-value, as this strongly depends on the
chosen error. As is common practice, the structure with the lowest
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v2 and with good agreement with the data points is accepted. In
order to increase the relative importance of surface-sensitive
regions and to decrease the impact of potential errors close to
the Bragg peak, the error in data points close to the Bragg peaks
was increased up to 30% [18,19]. Each crystal truncation rod was
given an individual scale factor [19]. For the single-salt data sets,
the importance of the specular rod was increased by multiplying
the weight factor of this crystal truncation rod by a factor of 5.
2.3. Interfacial structure model

The acquired crystal truncation rods were fitted using a similar
model as was used for muscovite in contact with a CsI solution
[19]. This model consists of the bulk muscovite termination, a
cation adsorption site above the muscovite hexagonal cavity with
a (partial) hydration shell around it and three water layers. In
the upper crystalline layer horizontal and vertical displacements
and in-plane and out-of-plane vibration were allowed, whereas
the occupancy was set to 100%. At the interface, the occupancy
was allowed to vary as well. Other cation adsorption sites were
tested as well.

In the interfacial structure model for experiments on mixtures
of CsCl and CaCl2, a Cs+ and a Ca2+ adsorption site were incorpo-
rated. The position of the Cs+ and Ca2+ ions were fixed to the posi-
tion found in experiments with only one salt. Both cations keep
their hydration water, which results in a hydration structure sim-
ilar to the single salt conditions. In diffraction experiments, elec-
tron densities are probed. The electron density at the cation
position is composed of the electron density of Cs+, Ca2+ and water,
which does not give unique occupancies for each component. To
derive these occupancies, some constraints were added. For all
muscovite cavities to be filled, the total occupancy of all cations
and water molecules above the muscovite cavity (H) should equal
100%, i.e.H ¼ hcation þ hwater ¼ 100% for muscovite in contact with a
single salt. In the competition experiments, both Cs+ and Ca2+ are
present in the solution, so in that case H ¼ hCsþ þ hCa2þþ
hwater ¼ 100%. We assume that the ratio between Cs+ and the water
found in the pure Cs+ experiment, which are both adsorbed at the
Fig. 1. A schematic representation of the muscovite mica – CsCl electrolyte interface prop
intrinsic charge of mica rint is located, an Inner Helmholtz Plane (IHP) where the adso
coadsorbed Cl� anions (density rCl� ) and the diffuse layer. The net surface charge densi
compensates the net surface charge and thus equals �re , since the system as a whole is
therefore measurable with SXRD. The Cl� ions are confined to the OHP in the direction pe
in non-specular SXRD data, contribute to the surface charge. The ions in the diffuse laye
this figure legend, the reader is referred to the web version of this article.)
cavity site, is constant during the competition experiment and that
the same holds for the ratio between Ca2+ and water at the cavity
site. This means the amount of adsorbed water in the cavity site
varies systematically, which results in a single fit occupancy for
the species above the muscovite cavity.

2.4. Surface complexation model

For the pure CsCl electrolyte, we use a surface complexation
model where Cs+ ions can adsorb above the muscovite cavity and
Cl- ions can coadsorb along with the adsorbed Cs+. The exact loca-
tion of the Cl- ion is not important for this model, as long as it
occurs in the Stern layer, see Fig. 1. In the coadsorption model
we incorporate the adsorption processes as two chemical reactions

Sþ Csþ�SCsþ; K 0
Cs ¼

S½ � Csþ½ �
SCsþ½ � ;

SCsþ þ Cl��SCsCl; K 0
CsCl ¼ SCsþ½ � Clþ½ �

SCsCl½ � ;

ð1Þ

where S denotes an empty (ion-free) adsorption site (i.e. an empty
cavity). We denote the equilibrium adsorption reaction constant of
the Cs+ adsorption reaction by K 0

Cs and the adsorption reaction con-
stant of the Cl- coadsorption by K 0

CsCl. Note that K 0
Cs and K 0

CsCl are
defined such that these have the dimensions of concentration
(in mol/L). The pK value of an adsorption reaction is then defined
as pK� �10 logK 0. We then incorporate these adsorption reactions
in the Poisson-Boltzmann formalism [25,26], which combines the
Poisson equation for the electrostatic potential, the Boltzmann
equation for the density of the ions and global charge neutrality
in order to find the distribution of the ions close to a charged sur-
face. The concentration of cations and anions next to a charged sur-
face is altered with respect to the bulk value, which shifts the
equilibrium of the adsorption reactions Eq. (1). The shift in the
adsorption reaction equilibrium in turn changes the net charge of
the surface and thus the density of the dissolved ions close to the
surface. The coverage of the surface species can be found using a
Langmuir adsorption isotherm which includes this electrostatic
feedback mechanism, also known as charge regulation [27]. For
the reaction of Eq. (1) the equilibrium condition is given by
osed in this article. The interface consists of an interfacial region (brown) where the
rbed Cs+ ions are located (density rCsþ ), an Outer Helmholtz Plane (OHP) with the
ty re is the sum of the intrinsic, Cs+ and Cl� contributions. The diffuse layer charge
charge neutral. The Cs+ ions in the IHP are confined in all three dimensions, and are
rpendicular to the surface and are laterally fully disorder and thus, while not visible
r are not confined in any direction. (For interpretation of the references to colour in
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hSCs ¼ rSCs
C ¼

qCs
K0
Cs
e�/0

1þqCs
K0
Cs
e�/0þ

q2
Cs

K0
Cs

K0
CsCl

;

hSCsCl ¼ rSCsCl
C ¼

q2
Cs

K0
Cs

K0
CsCl

1þqCs
K0
Cs
e�/0þ

q2
Cs

K0
Cs

K0
CsCl

;

ð2Þ

with qCs ¼ Csþ
� �

the bulk Cs+ concentration, equal to the salinity in
the pure CsCl case, C the total areal density of adsorption sites, and
rSCs (hSCs) and rSCsCl (hSCsCl) the areal density (occupancy) of the
surface groups SCs+ and SCsCl, respectively. Furthermore,
/0 ¼ ew0=kBT , with w0 the electrostatic potential at the surface, e
the elementary charge, kB Boltzmann’s constant and T the temper-
ature. In order to keep the number of fit parameters to a minimum,
we do not include any Stern-layer capacitances in this model
[25,26]. The dimensionless surface potential /0 is a function of
the net charge density ere of the surface, or net surface charge den-
sity, via the Grahame equation, given, for a 1:1 electrolyte (in SI
units), by

/0 ¼ 2arcsinh

ffiffiffiffiffiffiffiffiffiffiffiffi
pe2
kBT�I

s
re

0
@

1
A; ð3Þ

with � the permittivity of water and I the ionic strength
(I ¼ qCs þ qCl ¼ 2qCs for a 1:1 salt). The net surface charge can be
obtained by adding the (negative) intrinsic surface charge of mus-
covite, �erint, to the positive contribution due to the Cs+ ions,
erCsþ ¼ rSCs þ rSCsCl and the negative contribution of the Cl- ions,
�erCl� ¼�erSCsCl, to obtain ere ¼ erSCs�erint ¼ erCsþ �erCl� �erint.
The net surface charge density ere can be probed by AFM [11], since
by charge neutrality the total charge in the diffuse layer must be
equal to �ere. Fig. 1 gives a schematic representation of the mus-
covite mica - CsCl electrolyte interface, based on the experimental
SXRD and AFM data, and the minimal surface complexation model.
For a given C;K 0

Cs;K
0
CsCl and salinity qCs, Eqs. (2) and (3) form a closed

set that can be solved for the areal densities rCs and rCsCl and sur-
face potential /0. These equations were solved using the Mathemat-
ica software package. The two reaction constants are found by
fitting the above described surface complexation model to the SXRD
and AFM data. The SXRD data gives the total Cs+ occupancy, which
in our model is equal to the sum of all surface groups that include a
Cs+ ion, i.e. hCsþ ¼ hSCsþhSCsClð Þ, while the AFM data provides the net
surface charge ere. Therefore, the model gives two distinct param-
eters that must be predicted correctly before the fit can be accepted.
Fig. 2. Laterally averaged electron density perpendicular to the muscovite surface for (
(blue) at room temperature (RT) and for salinity 475 mM (red) at 63 � 2 �C (HT). (For int
the web version of this article.)
This model can straightforwardly be extended to include competi-
tion with Ca2+. In the case of two cation species, e.g. Cs+ and Ca2+,
the total salinity is equal to the sum of the (bulk) cation concentra-
tions ([Cs+]+[Ca2+]), see the Supporting Information (S1.1) for more
details.

3. Results and Discussion

3.1. Interfacial structure

3.1.1. Cs+-mica interfacial structure
In order to analyse the data on Cs+/Ca2+ competition, we first

discuss the structure of the pure systems. To determine the surface
structure of muscovite (001) in contact with only CsCl, several
crystal truncation rods were acquired for muscovite in contact
with 25 mM and 475 mM CsCl. The crystal truncation rods were
fitted with a similar model as was used for muscovite in contact
with a CsI solution [19]. A good fit was obtained for all data sets
(for details we refer to the Supporting Information (S2)).

Fig. 2 shows the electron density according to the interfacial
structure model as a function of height for these measurements.
The electron density profiles show that Cs+ adsorbs above the cen-
ter of the muscovite cavity at a height of 2.16 � 0.05 Å (Fig. 2a) for
both salt concentrations, which is in agreement with literature
[16,18,19,28–31]. This peak corresponds to Cs+ occupancies of
39 � 5% and 66 � 5% for 25 mM and 475 mM CsCl, respectively,
which is in excellent agreement with previous work on CsI [19].
The peak in electron density observed at a height of 4.8 Å above
the surface is attributed to the first water layer [19]. All other
structural parameters were similar to previous work and are not
discussed here, since we focus on the exchange of the cation [19].

3.1.2. Ca2+-mica interfacial structure
Analysis of the measured crystal truncation rods for muscovite

mica in contact with pure CaCl2 solutions shows that Ca2+ adsorbs
above the center of the cavity in an inner-sphere configuration
[32]. Contrary to Cs+, our data for Ca2+ indicate different heights
at different concentrations: 2.30 � 0.20 Å at 25 mM and
1.79 � 0.10 Å at 475 mM (Fig. 2b). These heights correspond to
outward displacements with respect to the bulk K+ position of
0.59 � 0.20 Å and 0.09 � 0.10 Å, respectively. Because of the low
occupancy of the relatively light Ca2+ cation, it is more difficult
to pinpoint the exact Ca2+ position. At a concentration of 25 mM,
there is another peak in electron density visible around 1.6 Å,
a) pure CsCl and (b) pure CaCl2 solutions for salinities 25 mM (green) and 475 mM
erpretation of the references to colour in this figure legend, the reader is referred to
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which in principle could also correspond to Ca2+ adsorption. During
the fitting procedure we found that a model with a Ca2+ cation at
this position gave an inadequate fit. We therefore concluded that
this is water located above the cavity. The peaks found for both
Ca2+ (and Cs+) conditions around 4.6-4.9 Å were attributed to a
hydration layer [19]. Besides this layer, two additional water layers
complete the interfacial model. All structural parameters for mus-
covite in contact with Ca2+ solutions are summarized in the Sup-
porting Information (S2).

A wide range of values for the height and location of Ca2+ have
been reported in literature, as shown in Table 1. Schlegel et al.
reported a Ca2+ height of 2.46 and 2.56 Å using X-ray reflectivity
[30]. Loh and Jarvis observed protruding features located above
the Si/Al atoms in their AFM images of muscovite mica in contact
with a 150 mM CaCl2 solution and attributed this to the adsorption
of Ca2+ [35]. Molecular Dynamics and Monte Carlo studies showed
that Ca2+ adsorption is favorable at the negatively charged substi-
tution site, i.e. where Si is substituted by Al [31,33]. To investigate
the possibility of this alternative adsorption site, a model in which
Ca2+ was located above the Si/Al atoms instead of above the cavity
was used to fit the measured crystal truncation rods. This signifi-
cantly lowered the quality of the fit and therefore we reject this
alternative adsorption site. Also a model involving both adsorption
sites did not improve the fit. The difference between the adsorp-
tion height we find here and that reported in literature might also
be a consequence of the X-ray diffraction measurements, which are
sensitive to spatially ordered parts of the interface. If indeed Ca2+

has multiple adsorption states, SXRD might be more sensitive to
the most ordered adsorption state, i.e. the adsorption site above
Table 1
Height of cations adsorbed to muscovite mica at room temperature. The average bulk posi
direction.

Study Technique Solute

This study SXRD CaCl2
This study SXRD CaCl2
Schlegel et al. [30] X-ray reflectivity CaCl2
Schlegel et al. [30] X-ray reflectivity CaCl2
Kobayashi et al. [31] Molecular dynamics Ca2+

Kobayashi et al. [31] Molecular dynamics Ca2+

Meleshyn [33] Monte Carlo Ca2+

Adapa et al. [34] Monte Carlo Ca2+

Fig. 3. Adsorbed height of cations determined using SXRD as function of (a) the unhydra
first hydration shell [43]. The adsorption height was measured at a cation concentration o
was found to be independent of concentration between 2 and 1000 mM [19]. The 1:1 m
(black, solid) in (b) indicate the trend for heavier elements. (For interpretation of the refer
article.)
the muscovite cavity which is closer to the surface than the adsorp-
tion site above the Si/Al atoms [31].

For divalent cations we expect half the occupancy of monova-
lent cations in order to compensate for the negative muscovite sur-
face charge. Sr2+ and Ba2+ occupancies close to the expected 25%
were previously reported for muscovite in contact with 10 mM
SrCl2 and BaCl2 solutions [36]. The best fit of our measured crystal
truncation rods for muscovite in contact with 25 mM CaCl2 is
obtained for a Ca2+ occupancy of 28 � 8%, which is within the accu-
racy the same as the reported Sr2+ and Ba2+ occupancies. However,
for high CaCl2 concentrations, the Ca2+ occupancy increases to
45 � 8%. This suggests an excess surface charge of approximately
+1.7 e/nm2, which is too high to compensate for in the diffuse layer
[37,11] and strongly suggests anion coadsorption. This can possibly
explain the lower Ca2+ height found at high salinity. Although there
is no direct evidence of well-ordered anion coadsorption on mono-
valent cations [19,38], there is some evidence for the formation of
CaCl+ ion pairs. In an X-ray photoelectron spectroscopy study Xu
and Salmeron found that Cl- could not be washed away fully from
the Ca2+-mica surface [39]. Furthermore, the coadsorption of Cl- to
Ca2+ has been suggested before on montmorillonite [40] and gibb-
site [41]. Our current data, however, does not provide enough
information on the position and occupancy of the anion.

3.1.3. Trends in cation height
Previously, using SXRD the adsorption height on muscovite

mica was found to increase with the ionic radius for monovalent
Rb+ and Cs+ [18]. A similar trend was observed for divalent Sr2+

and Ba2+ [36]. This is summarized in Fig. 3a, which shows the
tion of the topmost oxygen atoms of the muscovite structure is defined as 0 in the z-

Concentration (mM) Cation height (Å) Position cation

25 2.30 � 0.20 Å Cavity
475 1.79 � 0.10 Å Cavity
10 2.46 –
500 2.56 –
– 1.49 Cavity
– 2.65 Si/Al substitution
– 1.53–1.72 Si/Al substitution
– 2.23 & 2.50 Multiple states

ted ionic radius [42] and (b) the distance between the cation and the O atom of the
f 11 mM for Rb+ and 10 mM for both Sr2+ and Ba2+ [18,36]. The Cs+ adsorption height
onovalent (red, dashed) and 1:1 divalent lines (blue, solid) in (a) and the 1:1 line
ences to colour in this figure legend, the reader is referred to the web version of this
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adsorbed height as function of the unhydrated ionic radius. Inter-
estingly, Ca2+ clearly does not follow the divalent trend, neither
for high nor for low salt concentrations. The Ca2+ ion is significantly
smaller than the other divalent cations and could be expected to
adsorb at a height of approximately 1.54 Å above the surface,
according to the trend. The deviation from the trend might be
caused by the strong hydration shell of Ca2+. The SXRD interfacial
structure shows that there is no water underneath the Ca2+ ion
and thus that Ca2+ is only partially hydrated. Since the hydration
energy of Ca2+ is relatively high, and the ionic radius relatively
small, it is more favourable for Ca2+ to adsorb at a height larger
than based purely on its ionic radius, since then Ca2+ is able to
retain more water molecules in its hydration shell. In Fig. 3b, the
adsorbed height as function of the distance between the cation
and O atom of the first hydration shell is shown. Here, a approxi-
mate 1:1 relationship is found for all cations, except for Ca2+. This
once more shows the effect of the strong hydration of Ca2+.

3.1.4. Effect of temperature
All measurements considered so far were performed at room

temperature. The measurements at high temperature (HT) were
performed at 63 � 2 �C and showed that the Cs+ occupancy at a
CsCl concentration of 475 mM remains constant within the error
bars (67 � 5%) compared to room temperature (66 � 5%). More-
over, the cation remains located at the same height
(2.16 � 0.05 Å, see Fig. 2a). Similar to Cs+, no significant changes
in surface structure are observed for Ca2+ at high temperature
when compared to the room temperature structure. At high tem-
perature, Ca2+ is found to adsorb with an occupancy of 47 � 8%
at a height of 1.74 � 0.10 Å (Fig. 2b), compared to an occupancy
of 45 � 8% at a height of 1.79 � 0.10 Å for the same concentration
at room temperature.

3.2. Development of the surface complexation model

In order to understand the competition between Cs+ and Ca2+,
we first develop the surface complexation model using both SXRD
and surface charge data on the single ion data already available for
Cs+. The Cs+ adsorption isotherm (Fig. 4a) shows the Cs+ occupancy
as a function of salinity for previously reported data for CsCl (in
green) [18] and CsI (in black) [19] as well as occupancies of CsCl
Fig. 4. (a) Occupancy of adsorbed inner-sphere Cs+ at the basal muscovite surface at room
at 50% indicates the occupancy of Cs+ required to compensate the muscovite negative su
CsCl (orange dot-dashed) species following from the best adsorption model fit and Cs+ o
charge as measured using AFM by Bera et al. [11]. The dashed line indicates a neutral n
chloride coadsorption model with an intrinsic surface charge of 36 � 1%, pKCs = 1.2 � 0.3
legend, the reader is referred to the web version of this article.)
of the current work (in red), which are in excellent agreement with
each other. Together with the net surface charge as measured by
Bera et al. (Fig. 4b) [11], the Cs+ occupancies are used to develop
the surface complexation model. The adsorption isotherm does
have the typical ‘S-curve’ shape, with a transition from a low cov-
erage plateau (approximately 35%) at low salinity to a high cover-
age plateau (approximately 65%) at high salinity. A muscovite
surface without any adsorbed ions has an intrinsic negative surface
charge of 1e per unit cell, which can be exactly compensated by a
monovalent cation occupancy of 50% (dashed line in Fig. 4a).
Fig. 4b, however, shows that the net surface charge of the
muscovite-electrolyte interface does not exceed -0.1 e/nm2, corre-
sponding to approximately 3% of the total number of adsorption
sites. The Cs+ coverage data thus shows that Cs+ alone does not
compensate the intrinsic surface charge; below approximately 10
mM the Cs+ occupancy becomes as low as 30%, whereas above
200 mM the Cs+ occupancy levels off at approximately 65% and
is therefore higher than the expected value of 50% for charge neu-
trality. Both limits thus show unexpected behavior, and in order to
explain both of these limits, the standard surface complexation
model must be extended.

3.2.1. Low salinity limit: H+ adsorption
For the lowest salinity values measured, the coverage converges

to approximately 35%, which is 15% smaller than the expected 50%.
This suggests that the muscovite-electrolyte interface carries a net
surface charge equivalent to approximately 15% of the total num-
ber of adsorption sites. A unit cell of muscovite has an area of
0.47 nm2, which, since the system as a whole must be charge neu-
tral, would imply that a net surface charge of �0.64 e=nm2 has to
be compensated by a charge in the electric double layer. However,
this is an order of magnitude higher than the net surface charge
measured by AFM [11], shown in Fig. 4b as a function of salinity.
Additionally, such high surface charges do not agree with previous
SFA [3,4], AFM [10] and zeta potential [37,44,45] measurements for
muscovite mica at a pH value close to 6.

Additional positive charge in the Stern layer is thus required for
a net surface charge that is compatible with literature. Cs+ adsorp-
tion mainly takes place in an inner-sphere configuration in the
muscovite cavity site, as was also observed in the current work
[16,28]. Outer-sphere Cs+ is thus not expected to give a large con-
temperature as a function of the CsCl or CsI concentration [18,19]. The dashed line
rface charge. The other lines indicate the occupancy of both Cs+ (purple dotted) and
ccupancy (blue dotted) if no Cl� coadsorption is taken into account. (b) Net surface
et surface charge. The solid black lines in both (a) and (b) shows the best fit of the
and pKCsCl = 0.7 � 0.2. (For interpretation of the references to colour in this figure
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tribution in positive charge. There are no other cations present in
solution, except for hydronium. We therefore investigated the pos-
sible adsorption of H3O+ [19]. The concentration of H3O+ is in the
order of lM, [19], which means that the affinity of H3O+ to mus-
covite should be high, which was observed before [3,4,46,47]. To
investigate possible H3O+ adsorption we adopt a Cs+/H+ competi-
tion model, as has been used previously [3,44,47,48]. Typically, it
is assumed that adsorption only takes place at half of the total
adsorption sites (one per unit cell). We have adjusted this model
in order to be able to account for coverages exceeding 50%. In
the Cs+/H+ competition model, H+ would outcompete and fully
replace Cs+ at low salinity, with the inverse happening at high
salinity. This, however, is not corroborated by the data in Fig. 4a,
which shows that Cs+ occupancy saturates to a non-zero value
for decreasing salinity. The data suggests, therefore, that Cs+ does
not compete with a different cation at low salinities; if it did, the
coverage would decrease more strongly as the salinity decreases.
Note that at very low salinities (�2 mM) the Cs+ occupancy must
eventually converge to zero. The best fit of the Cs+/H+-
competition model is found to be unsatisfactory, even if a Stern
layer capacitance is included (see the Supporting Information
(S1.2)). Based on the data presented in this article we conclude that
the Cs+/H+-competition model is not appropriate to describe the
muscovite-electrolyte interface under our experimental
conditions.

The shortcomings of the Cs+/H+ competition model have been
noted before in the case of muscovite mica [49,50] and silica
[51]. Nevertheless, this conclusion is unexpected, as previous stud-
ies clearly show that the zeta potential and net surface charge of
muscovite mica do depend on the pH of the solution
[10,37,44,50,52]. Here we should note, however, that the same
experiments show that in the presence of 1 mM of salt, the zeta
potential of muscovite is relatively independent of pH for pH > 6,
suggesting that at these pH values the protons are (almost) entirely
outcompeted by the cations. Furthermore, this assertion agrees
with the surprisingly small value of pKH found previously [50,52].

If there is no Cs+/H+ competition, the low Cs+ coverage at low
salinity must have a different origin. Previous studies have already
emphasized that protons behave differently from other cations
concerning competitive adsorption on a wide variety of surfaces
[53]. For example, a hysteresis of the coverage with pH was
observed in the case of muscovite [47], and it was suggested that
muscovite mica undergoes an irreversible reaction with protons
which penetrate into the lattice and decrease the intrinsic surface
charge of muscovite mica. A different study found similar effects
for calcinated mica [52], whereas others showed that the cation/
proton adsorption models cannot capture the pH dependence of
muscovite mica and suggested that oxonium ions behave funda-
mentally different than the other cations [49]. If protons indeed
penetrate the muscovite lattice irreversibly and alter the intrinsic
surface charge when muscovite is brought in contact with an aque-
ous solution, this could explain why in our case the Cs+ occupancy
levels off to approximately 35% instead of a value closer to 50% as
expected beforehand. This would mean that the preparation of the
muscovite samples is of great importance to the cation adsorption.
In order to incorporate this in our surface complexation model,
which can only describe reversible adsorption processes, we con-
sider the intrinsic surface charge of muscovite, �erint, as a fit
parameter.

3.2.2. High coverage limit: anion coadsorption
The high-salinity saturation value of approximately 65% shows

that Cs+ adsorbs in a structure in which approximately every 2 out
of 3 adsorption sites are covered. However, from basic adsorption
mechanics one would expect the coverage to saturate at 100% for
high salinities. The Cs+ coverage can only level off at a value lower
than 100% if there is a process that prohibits Cs+ from adsorbing on
every adsorption site. A honeycomb lattice where an unoccupied
site is surrounded by 6 occupied sites, would be a plausible config-
uration: to fill this unoccupied site, a Cs+ ion would need to break
the hydration shell and overcome the high electrostatic repulsion
of the surrounding six adsorbed ions at the expense of a significant
(free-) energy penalty. In order to incorporate the observed maxi-
mum coverage into the model, we assign a larger area of occupa-
tion to the cations than the area of an adsorption site, as was
first proposed by Pashley [3]. This effectively reduces the maxi-
mum coverage below unity. See the Supporting Information
(S1.1) for more details.

Actually, there is another issue with the high salinity occu-
pancy. The Cs+ occupancies of 65% at high salinity suggest an
unusually large positive surface charge. The overcompensation of
15% over the intrinsic surface charge of 50% (which is an even lar-
ger overcompensation if we adjust the intrinsic surface charge to a
lower value as argued above) would result in a an unusually high,
positive surface charge. Most importantly, however, the variation
in the Cs+ occupancy as measured by SXRD (see Fig. 4a) is not at
all comparable to the variations in the net surface charge (see
Fig. 4b). This implies that the variations observed in the Cs+ cover-
age are largely charge neutral variations. An additional, negative
contribution to the total surface charge is therefore required, espe-
cially at large salinities. The most obvious candidate is the coad-
sorption of Cl-, as was already suggested by previous studies for
Cs+ [29], Rb+ [54] and K+ [55], although for the latter two this
was only observed for higher salinities than considered in our
study. The site density of muscovite is approximately 4 sites per
nm2, so a coverage of 33% corresponds to a local concentration at
the surface exceeding 4 M within the Stern layer (assuming for
simplicity a thickness of 0.5 nm). Considering the Cs+ coverage val-
ues, even at low salinities, the formation of cation-anion com-
plexes is thus quite plausible. Previous SXRD measurements
have, on the other hand, found no evidence of (structured) anion
adsorption. [19,38]. However, SXRD can only exclude ordered
anion coadsorption, whereas a more disordered structure would
still be possible. Such a disordered structure is plausible since
the cavities are already filled by the Cs+ ions, and as a result the
Cl- adsorbed on top is expected to be distributed more homoge-
neously as it is laterally less confined. [56]. At the expense of a
third fit parameter (pKCsCl) we can include this coadsorption pro-
cess in the model. This parameter is related to a (free) energy gain
for the Cl- ion to be close to the adsorbed Cs+, which, similar to
cation adsorption, can likely be related to the reorganisation of
the hydration shell of Cl-. A surface complexation model cannot,
however, explain where this (free) energy gain originates from,
only that it must exist.

Here we will only consider Cl- as the coadsorbing anion, as it is
the most abundant anion. The only other anions present are OH-

and HCO�
3 (the CO2�

3 concentration is negligible close to pH = 6),
which, contrary to Cl-, do not vary with the salinity and therefore
give different predictions. However, as mentioned above, the sur-
face charge of muscovite mica has been shown to be relatively
independent of pH for pH>6, making it unlikely that either OH-

and HCO�
3 (or even CO2�

3 ) have a significant effect on the muscovite
mica - electrolyte interface. See Supporting Information (S1.3) for
an analysis of such a model.

The chloride coadsorption model (black solid lines Fig. 4) is able
to simultaneously fit the Cs+ occupancies and the net surface
charge, as can be seen from the solid lines in Fig. 4. The best fit
was obtained with an intrinsic surface charge
rint=C = 0.36 � 0.01, pKCs = 1.2 � 0.3 and pKCsCl = 0.7 � 0.2.
Although the pKCsCl value and the intrinsic surface charge cannot
be compared to previous studies, the pKCs value deviates
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significantly from previously determined values. However, the
values in previous studies were found either by using a Cs+/H+

competition model [3,17,47], and/or by ignoring the electrostatic
interactions to the adsorption model [17,47]. The pKCs found here
is a direct result of the adapted model which, we should note, is a
minimal model needed to explain both the SXRD and the AFM
data. If we consider Cs+ adsorption without coadsorption, we
would find pKCs = 3.5 as a best fit (blue dotted line in Fig. 4a),
which is much closer to previously reported values [17]. This
value is, however, completely incompatible with the net surface
charge data [11] (blue dotted line Fig. 4b). In fact, a surface com-
plexation model without an anion coadsorption reaction predicts
a (large) positive net surface charge charge for all considered
salinities, and is therefore unable to reproduce both data sets.
The best fit pKCs value also deviates significantly from Molecular
Dynamic simulations [31]. This discrepancy can possibly be
attributed to the different conditions between the Molecular
Dynamics simulations and the Langmuir adsorption models, as
the former operates in the NpT ensemble and a salt-free environ-
ment, while the latter operates in the lVT ensemble and does
incorporate the anions.

Even though we have found adequate fits for both data sets, this
of course does not mean that the proposed model is a complete
description of the muscovite-electrolyte interface. For example,
the Cl- coadsorption model predicts a strongly decreasing net sur-
face charge for salinities exceeding 100 mM due to the increasing
Cl- (co)adsorption. However, we must keep in mind that for salin-
ities exceeding 100 mM the Poisson-Boltzmann theory begins to
break down as the Debye length becomes comparable to the ion
size. Furthermore, we have implicitly assumed that the Cl- and I-

coadsorption constants are equal (i.e. pKCsCl ¼ pKCsI). This is reason-
able, since the CsI and CsCl data are in good agreement. A more
complete model would not only take the different coadsorption
constants into account, but also the different ionic radii of the
two anions via a triple layer model. This would introduce addi-
tional fit parameters, more than we can reliably fit with the current
data. It is clear, however, that the simplest model that reproduces
both the SXRD and surface charge data requires anion coadsorp-
tion. This model will be used below to describe the Cs+/Ca2+ com-
petition data.
Fig. 5. Specular crystal truncation rod for muscovite in contact with different percentage
fit for each crystal truncation rod.
3.3. Cation competition

Now that the surface structure of muscovite in contact with
pure CsCl or CaCl2 solutions has been determined and a surface
complexation model is developed, it is possible to look at the
cation competition. The difference in electron density between
adsorbed Ca2+ and Cs+ is large, therefore the cation occupancies
in the presence of both salts can be derived from the observed
changes in the crystal truncation rods. This is illustrated by the
specular crystal truncation rod in Fig. 5 for a total salt concentra-
tion of 25 mM. At a solution composition of 25% Ca2+/ 75% Cs+

(green in Fig. 5), the specular crystal truncation rod looks similar
to that of only Cs+ (yellow in Fig. 5). As expected, when the Ca2+

concentration is further increased the shape of the crystal trunca-
tion rod changes towards the shape of 100% Ca2+ (blue in Fig. 5). All
measured crystal truncation rods were fitted using a similar struc-
tural model as described before, in which the simultaneous adsorp-
tion of both cations was incorporated.

The adsorption of cations takes place at the same adsorption
site as was found for the single salt conditions, i.e. the cavity site.
For Cs+, this is in agreement with literature, as only a small fraction
of Cs+ is reported to adsorb at other adsorption sites [16,28]. As
mentioned before, for divalent cations, including Ca2+, multiple
adsorption sites were proposed in literature. Besides the partially
hydrated cavity site, a partially hydrated adsorption site above
the Si/Al atoms and a fully hydrated outer-sphere adsorption site
were proposed [28,31,32,33]. In our measurements, however, we
observe neither of these alternative Ca2+ adsorption sites. This
means that these adsorption states are either not present, or, sim-
ilar to the coadsorbed anions, too disordered to give a measurable
signal. If indeed outer-sphere Ca2+ is too disordered to observe, this
would mean that the total Ca2+ occupancy would be higher than
reported in Figs. 6 & 7, and consequently the Cl- coverage would
be higher too. For other divalent cations, such as Sr2+ and Zn2+, total
cation occupancies of 0.64 � 0.16 and 0.38 � 0.02 atom/surface
unit cell were found at comparable pH values [32,57]. Our inner-
sphere Ca2+ occupancies of 0.56 � 0.16 and 0.90 � 0.16 atom/sur-
face unit cell are already close to or even higher than thanthe total
occupancy of the other cations, implying that the outer-sphere Ca2+

occupancy should be low for a comparable total occupancy. This is
s of Ca2+ and Cs+ at a total salt concentration of 25 mM. The solid lines show the best



Fig. 6. (a) Upper panel: inner-sphere Ca2+ and Cs+ occupancies for a total salt concentration of 25 mM at different relative concentrations. Lower panel: Illustration of
adsorption of both cations above the center of the hexagonal cavity (Ca2+ in green, Cs+ in purple and water in red). Note that SXRD is not sensitive to the local adsorption
arrangements. (b) Electron density perpendicular to the surface for muscovite in contact with solutions of 25 mMwith different Ca2+/Cs+ ratios. (c) The associated net surface
charge as measured using AFM by Bera et al. [11]. The solid lines in (a) and (c) show the best fit of the Cs+/Ca2+ competition model, giving an intrinsic surface charge
hint = 36 � 1% and reaction constants given by pKCs = 1.3 � 0.1, pKCsCl = 0.7 � 0.1, pKCa = 1.0 � 0.2 and pKCaCl = .0.4 � 0.1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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in agreement with molecular dynamics simulations, which showed
that for Ca2+ and other divalent cations inner-sphere adsorption is
more favorable than outer-sphere adsorption [31]. The interfacial
structure we propose here does not require the extra Ca2+ sites
and gives a consistent description of SXRD and AFM data. For com-
pleteness, the effect of additional outer-sphere Ca2+ on the compe-
tition results will be discussed in more detail below.

Fig. 6a shows the resulting cation occupancy as a function of
solution composition derived from this structural model, for a total
salt concentration of 25 mM. At a composition of around 75% Ca2+

and 25% Cs+, both cations have similar occupancies, and therefore
we can tentatively conclude that Cs+ has a higher affinity to the
muscovite basal plane than Ca2+. The electron density perpendicu-
lar to the surface (Fig. 6b) shows that the muscovite interfacial
structure does not significantly change when the cation composi-
tion is varied, aside from the electron density at the position of
the cations. Also at a total salt concentration of 475 mM, Cs+ has
a higher affinity to the muscovite basal plane than Ca2+, as both
cations have equal occupancies around a solution composition of
80% Ca2+ and 20% Cs+ (Fig. 7a). Again, the interfacial structure does
not change for varying cation compositions except for the cation
electron density (Fig. 7b).

Competition experiments were also performed at 63 � 2 �C for a
salt concentration of 475 mM. Whereas the interfacial structure of
muscovite in contact with only Ca2+ or Cs+ remains unaffected at
this temperature, differences between room and high temperature
conditions are found in the occupancies during cation competition,
as shown in Fig. 7. At a solution composition of 75% Ca2+ and 25%
Cs+, the occupancy of Cs+ did not decrease compared to 100% Cs+

(hCsþ = 68 � 5%), whereas for the same composition at room tem-
perature the occupancy had already decreased significantly
(hCsþ = 36% � 5%). Therefore, Cs+ has an even higher affinity to the
muscovite surface at high temperature when compared to Ca2+.

As in the case of the Cs+ adsorption isotherm, we can set up a
surface complexation model to reproduce the cation coverage data
measured by SXRD, as well as the net surface charge of pure Cs+-
mica and Ca2+-mica measured by Bera et al. using AFM [11]. In
the Cs+/Ca2+ competition model we also need to include coadsorp-
tion of an anion to Ca2+. A minimal model thus includes the follow-
ing four adsorption reactions,

Sþ Csþ�SCsþ; SCsþ þ Cl��SCsCl;
Sþ Caþ�SCa2þ; SCa2þ þ Cl��SCaClþ:

ð4Þ

Again, Cl- was chosen as the coadsorbing anion. We can then
use the surface complexation model to fit both the AFM net surface
charge and the SXRD cation coverage data, in order to obtain the
four fit parameters pKCs, pKCsCl, pKCa and pKCaCl. The result is shown



Fig. 7. (a) Measured and fitted inner-sphere Ca2+ and Cs+ occupancies and (b) electron density perpendicular to the surface for muscovite in contact with different Ca2+/Cs+

ratios at a total salt concentration of 475 mM. The solid line in (a) is obtained with the same fit parameters as in Fig. 6. (c) Ca2+ and Cs+ occupancies and (d) electron density
perpendicular to the surface for muscovite in contact with different Ca2+/Cs+ ratios at a total salt concentration of 475 mM at a temperature of 63 � 2 �C. The typical fit shown
as the solid lines in (c) is computed with the same fit parameters as in Fig. 6, except here for pKCa = 0.4.
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in Figs. 6 and 7. The parameters used for the best fit, which was
obtained by fitting all room temperature data, were
pKCs = 1.3 � 0.1, pKCa = 0.9 � 0.2, pKCsCl = 0.7 � 0.1 and
pKCaCl = 0.4 � 0.1 and with the other parameters the same as used
in Fig. 4. The pKCa value is close to previously reported values
[4,48], and can be found using the point of zero charge exhibited
by Ca2+-mica around 15 mM.

The surface complexation model can easily be extended to
include a possible Ca2+ outer-sphere contribution. In this case,
the total Ca2+ occupancy (hCa2þ ) will consist of hCa2þIS and hCa2þOS

, where

hCa2þIS
is reported in Figs. 6 and 7. Within surface complexation mod-

els, the ratio between occupancies of different adsorption states of
an ion, for example inner and outer-sphere, is independent of the
(bulk) density of the ion. If we assume, as an example, that
hCa2þOS

= 0.3 � hCa2þIS
, the model is still capable of reproducing the

experimental data. We find that the pKCs and pKCsCl values are
not affected by additional outer-sphere adsorption of Ca2+. As
expected, the pKCa value decreases (becomes 0.6 � 0.2 in this case),
whereas the pKCaCl value increases (becomes 1.0 � 0.1). This means
that the reported pKCa is possibly overestimated, whereas pKCaCl is
underestimated if outer-sphere adsorption of Ca2+ occurs. More
importantly, our surface complexation model is robust under these
conditions and can qualitatively describe general trends observed
in the data, such as the higher affinity of Cs+ than Ca2+ for the mus-
covite basal plane. A similar analysis holds for, for example, an
additional adsorption site above the Si/Al atom. This too is a second
adsorption state, since there is not enough room to adsorb both in
the cavity and above the Si/Al atom, although we should note that
this additional site is not reflected in the SXRD data.

For the high temperature data set, the model has too many
parameters to find a unique fit. Since the temperature has changed
significantly, we expect all reaction constants to change, but we
cannot accurately predict these with the current data. That is not
to say, however, that we cannot obtain any information from the
HT data. For example, we can fix three reaction constants and fit
the fourth one to see if the fit improves compared to the RT values.
This will of course not give a unique fit, but does give an indication
how a reaction constant is likely to change under the increased
temperature. Such an analysis suggests that decreasing pKCa (fit
shown as the solid lines in Fig. 7c) or pKCaCl compared to the other
reaction constants improves the fit more than adjusting pKCs or
pKCsCl does. This simple analysis therefore suggests that, although
the affinity of both Cs+ and Ca2+ will most likely decrease, the affin-
ity of Ca2+ probably decreases more compared to the affinity of Cs+.
This qualitative trend is corroborated by the data in Fig. 7, showing
that Ca2+ only manages to outcompete Cs+ at an even higher Ca2+

percentage compared to room temperature.
The uncertainties in the parameters were determined via the

covariance matrix associated with the data and the model and by
testing the effect of excluding part of the data. We find that the val-
ues of the cation adsorption constants, pKCs and pKCa, are very
robust under such changes (variations less than 0.1 from the best
fit values stated above), while the Cl- coadsorption constants,
pKCsCl and pKCaCl, are slightly less robust (variations less than 0.5
from the best fit values stated above) depending on the data sets
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included in the fitting procedure. Furthermore, we know that the
Poisson-Boltzmann theory used to fit the data generally becomes
less reliable for salinities exceeding 100 mM, and is therefore less
accurate for the measurements at 475 mM.

Instead of focussing on the specific value of the reaction con-
stant, we focus on the results that are independent on the details
of the model. One of the most important of such results is that
we consistently find that pKCa < pKCs, i.e. that Ca2+ has a lower
affinity to the muscovite surface than Cs+. This point is also clearly
derived from the SXRD data shown in Figs. 6 and 7. It thus seems
that the valency of the ion does not play the dominant role in
determining the affinity of an ion to a surface. However, surface
complexation models cannot elaborate on the molecular origin of
the value of the reaction constant, so based on the current analysis
we can only speculate about this. It was already suggested before
that hydration of the ions is a major factor in determining the affin-
ity of the ion to a surface [57,58]. As was mentioned before, the
cations adsorb above the cavity, and must therefore lose a signifi-
cant part of their hydration shell. Consequently, it is less favorable
for a strongly hydrated ion, such as Ca2+, to adsorb than for a more
weakly hydrated ion such as Cs+. Furthermore, is has been shown
that ions with a larger ionic radius (i.e. unhydrated radius), which
are more polarisable than smaller ions, adsorb more readily to sur-
faces with a low dielectric constant [59]. This interpretation is con-
sistent with the observations at high temperature.

We expect that an increasing temperature will weaken the
hydration of ions since the solubility of both salts increases with
increasing temperature [60]. This is further corroborated by stud-
ies on the residence time of water molecules in the hydration shell
of ions, which is thought to be directly related to the hydration
strength [61,62]. It was found that for both Cs+ and Ca2+ the hydra-
tion strength decreases with temperature [62,63–65], suggesting
that both hydration energies, and by extension adsorption free
energies, decrease with increasing temperature. Similar behavior
under temperature variations was found for Cs+ on kaolinite [66].
Given that Cs+ is weakly hydrated at RT, it is plausible that its
hydration shell is more easily disrupted than the hydration shell
of Ca2+, as the temperature increases. This would decrease the
affinity of Ca2+ more than that of Cs+, as observed in the data.
Within this light, we can also understand why we find that the
anion coadsorbs weaker on Ca2+ than on Cs+, as for this process
the hydration structure must be disrupted too. However, the
hydration of the cations is not the only factor. The hydration of
the surface itself, which depends on the cation coverage, should
also have a significant impact on the affinity [57,58]. Other possi-
bly relevant effects include the interfacial dielectric constant
[67,68] and the localization of the surface charge. A full analysis
of this complex, many-body problem is outside the scope of this
article.

A second important conclusion, which has already been dis-
cussed, is that an anion coadsorption process is required to fit
the data. However, it is also clear that the current model can be fur-
ther refined. For example, we could include a lateral interaction
between the adsorbed ions, introduce a second Cl- coadsorption
reaction on Ca2+, have both OH- and Cl- coadsorb, or even introduce
a different (reversible) proton (co)adsorption reaction. Interest-
ingly, we can improve the quality of the fit by including a lateral
repulsion between the adsorbed Cs+ ions and the adsorbed Ca2+

ions (see the Supporting Information (S1.4) for more details). Add-
ing a second coadsorption reaction, however, did not increase the
quality of the fit significantly. This model showed signs of overfit-
ting, and based on the current data we refrain from concluding
whether such an additional reaction contributes significantly. Such
extensions, however, only further complicate the model and intro-
duce more fit parameters. Given the number of parameters already
in the model, we do not apply such extensions in the current anal-
ysis. Even though the fit improves by including a lateral interaction
between the ions, the model still exhibits the same qualitative
behavior as the proposed minimal model.

It is clear, thus, that the muscovite-electrolyte interface shows a
greater complexity than is usually assumed. The question remains
whether these conclusions are unique to muscovite mica or
whether they also apply to other surfaces. For example, the
cation/proton competition model is known to be inadequate to
describe the charging behavior of silica [51].
4. Conclusion

Surface X-ray diffraction is one of the standard techniques to
study ion adsorption on mineral surfaces [16,69]. It is well-
documented that the adsorption of monovalent cations on mus-
covite is mainly determined by hydration energy and the fit of
the ion with the surface structure [16,28]. The effect of valency
on ion adsorption is less known, but is essential for the under-
standing of, for example, enhanced oil recovery [1,2]. The interfa-
cial structure as determined with surface X-ray diffraction, gives
limited insights in the charge balance at the surface. By combining
the cation coverage from these experiments with the net surface
from AFM [11] or zeta potential [37] measurements, at the same
time knowledge about the structure and electrostatics is obtained.

In this work, SXRD was used to determine the interfacial struc-
ture of muscovite in contact with competing salts solutions. First,
the interfacial structure of muscovite in contact with solely Cs+

or Ca2+ was determined. A minimal surface complexation model
was set up that is able to unite the cation occupancies measured
with SXRD and the net surface charge measured by AFM in another
study [11]. In order to reproduce the results of both techniques
commonly used surface complexation models had to be adjusted.
Firstly, the intrinsic negative surface charge of muscovite mica
was adjusted from 50% to 36% to account for the low salinity
behavior of the Cs+ occupancy, which might be explained by an
irreversible proton adsorption reaction. Secondly, the maximum
of available adsorption sites was reduced to 65% of the total sites
to capture the high salinity behavior. Thirdly, an anion coadsorp-
tion reaction was required to account for the large variation in
Cs+ occupancy that is not reflected in the net surface charge. This
model was extended to include Cs+/Ca2+ competition, including
an anion coadsorption reaction along with Ca2+. The resulting fits
of the equilibrium constants confirmed that the affinity of Cs+ to
muscovite is higher than the affinity of Ca2+ to muscovite, which
shows that a higher valency does not lead to stronger adsorption.
Although there was not enough data to obtain a unique fit at high
temperature, the measurements suggest that, compared to room
temperature, the affinity difference between Ca2+ and Cs+ is
increased, in favor of Cs+ adsorption.

Our results show that a minimal model even for a single salt
muscovite-electrolyte interface includes two rarely included pro-
cesses, namely (i) a reduced intrinsic surface charge (e.g. due to
irreversible proton adsorption) and (ii) anion coadsorption. This
emphasizes the point that the muscovite-electrolyte interface is a
complex system, and cannot be fully described with a single
cation/proton adsorption model. Although such models have been
employed before with limited success [3,17,47], the present analy-
sis with data from two different experimental techniques shows
that these are merely effective models that do not necessarily
reflect the physical environment. Our minimal model shows the
rich behavior of solid-water interfaces and we encourage future
research to further explore this complexity. We expect that similar
processes occur at other solid-water interfaces, such as silica, for
which it is also known that such cation/proton competition models
are inadequate [51].
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