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ABSTRACT: Montmorillonite layer edge surfaces have pH-
dependent properties, which arises from the acid−base reactivity
of their surface functional groups. Edge surface acidity (with
intrinsic reaction equilibrium constant, pKa) is a chemical property
that is affected by crystal structure. While a cis-vacant structure
predominates in natural montmorillonites, prior molecular-level
studies assume a centrosymmetric trans-vacant configuration,
which potentially leads to an incorrect prediction of montmor-
illonite acid−base surface properties. We computed intrinsic acidity
constants of the surface sites of a montmorillonite layer with a cis-
vacant structure using the first-principles molecular dynamics-based
vertical energy gap method. We evaluated pKa values for both non-
substituted and Mg-substituted layers on common edge surfaces
(i.e., surfaces perpendicular to [010], [01̅0], [110], and [1̅1̅0] crystallographic directions). The functional groups �Si(OH), �
Al(OH2)2/�Al(OH)(OH2), and �SiO(OH)Al sites on surfaces perpendicular to [010] and [01̅0] and �Si(OH)U, �Si(OH)L,
�Al(OH2), and �Al(OH2)2 on surfaces perpendicular to [110] and [1̅1̅0] determine the proton reactivity of non-substituted cis-
vacant edge surfaces. Moreover, the structural OH sites on edge surfaces had extremely high pKa values, which do not show reactivity
at a common pH. Meanwhile, Mg2+ substitution results in an increase in pKa values at local or adjacent sites, in which the effect is
limited by the distance between the sites. A surface complexation model was built with predicted pKa values, which enabled us to
predict surface properties as a function of pH and ionic strength. Edge surface charge of both trans- and cis-vacant models has little
dependence on Mg2+ substitutions, but the dependence on the crystal plane orientation is strong. In particular, at pH below 7, edge
surfaces are positively or negatively charged depending on their orientation. Implications of these findings on contaminant
adsorption by smectites are discussed.
KEYWORDS: first-principles molecular dynamics, clay, montmorillonite, cis-vacant, trans-vacant, pKa, surface complexation modeling

1. INTRODUCTION
High adsorption capacity of clay minerals plays a key role in
nutrient cycling in soils1 and in the retardation of heavy metals,
oxyanions, and organic pollutants’ migration in natural and
engineered environments.2,3 In particular, clay materials are an
essential part of most multi-barrier systems envisioned for
nuclear waste storage under consideration worldwide.4 An
accurate prediction of metal ion mobility in clay-rich
environments is dependent on the development of adsorption
models. Surface complexation model (SCM) links surface
speciation to adsorption process and has been applied to
describe the adsorption behaviors of a wide range of metal
ions.5

The representative structure of clay minerals consists of an
edge-sharing octahedral sheet connected to two corner-sharing
tetrahedral sheets to form the 2:1 (i.e., TOT, tetrahedron−
octahedral−tetrahedral) layer type.4 Because of their layered
structure, clay minerals exhibit two kinds of surfaces, basal and

edge surfaces (Figure 1), with much contrasted adsorption
properties: while basal surfaces interact with adsorbates mostly
through electrostatic interaction, edge surfaces have ampho-
teric properties and can bind adsorbates through surface
complexation.4,6 Ideally, the reactivity description of SCM
adsorption sites should be rooted in the actual structural
properties of surface sites.
A key for understanding interfacial properties of clay

minerals’ edge surfaces is their acid−base reactivity.7−9 The
acid−base chemistry of edge surfaces is complicated because of
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the very heterogeneous nature of surface sites in terms of
chemistry and structural position.10 Potentiometric titration
has been extensively carried out to study the acid−base
reactivity of clay mineral.11−20 Among others, Baeyens and
Bradbury11 and Duc et al.15 established acid−base titration
data sets of montmorillonite, and SCMs based on thermody-
namic equilibrium equations were developed to simulate
titration data,12,21 using fitted pKa for protons on edge surfaces.
More recently, pKa values derived from ab initio calculations
have been made available,22−30 and Tournassat et al.21 pooled
these newly available pKa values in an SCM to yield reasonable
prediction of the titration data of montmorillonite edge
surfaces. The representativeness of these pKa values is,
however, questionable because of an additional structural
peculiarity of clay mineral layers.21

In a TOT layer, each octahedral site is surrounded by two
OH groups and four O atoms, but not all octahedral sites have
the same geometry regarding the positions of OH groups.
Trans-octahedra have OH groups on opposite corners, while
cis-octahedra have OH groups on adjacent corners.31,32

Consequently, a TOT layers may be either trans-vacant with
pure trans-octahedra in the octahedral sheet or cis-vacant with
half cis-octahedra and half trans-octahedra (Figure 1).
Montmorillonite is a typical dioctahedral smectite that exhibits
either cis- or trans-vacant structures, but cis-vacant structures

are the most common in natural samples widely used in
research studies, such as Wyoming montmorillonites available
at the Source Clays Repository or Kunipia montmorillon-
ite.33,34 The cis-vacant structure of crystallographic planes was
observed for Kunipia montmorillonite by using scanning
transmission electron microscopy.34 Tournassat et al.21

pointed out that the theoretical estimates of intrinsic pKa
values were carried out on the basis of a trans-vacant model,
whereas experimental titration and adsorption data were
obtained on montmorillonite samples with a cis-vacant
structure. Because the structure of a clay mineral determines
its intrinsic physical and chemical properties, the differences
between cis- and trans-vacant configurations inevitably lead to
different surface properties. Cis-vacant structures are not
centrosymmetric (Figure 1),31 which indicates that the edges
perpendicular to [010], [01̅0], [110], and [1̅1̅0] crystallo-
graphic directions are different. In addition, different positions
of structural OH groups and isomorphic substitutions lead to
more complex edge surface groups.35,36 Whether these
differences in structure cause different surface charging
behaviors of montmorillonite had not been determined yet.
Theoretical estimates of the intrinsic pKa values of edge

surface sites have been based on bond-valence theories.37

However, the obtained pKa values were sensitive to model
assumptions and did not reproduce the experimental titration

Figure 1. From top to bottom: octahedral and tetrahedral sheets, octahedral sheet with trans-vacant and cis-vacant configurations, TOT layers.
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data.36,38 First principles calculation provides a new research
method for pKa estimation.

39,40 In recent years, the first-
principles molecular dynamics (FPMD) based vertical energy
gap method has been proved a powerful tool to accurately
calculate the intrinsic pKa values of mineral surfaces.

22−27,30

Liu et al. have published a series of works about intrinsic pKa
values of surfaces perpendicular to [010] and [110] for a trans-
vacant TOT layer.22−25 The method has also been successfully
applied to mineral surface OH groups including rutile, quartz,
gibbsite, and kaolinite.25−29 However, to the best of our
knowledge, the cis-vacant clay edge surface properties of
montmorillonite have not been reported.
In this work, we calculated the pKa values of 2:1-type cis-

vacant clay edge surfaces perpendicular to [010], [01̅0], [110],
and [1̅1̅0] directions. The influence of Mg2+ substitution on
acid−base properties was also investigated. The atomic-level
acidity constants were then applied to construct an SCM for
edge surfaces of a cis-vacant layer. By comparing our results
with the previous pKa values and SCM models of trans-vacant
layer edge surfaces, we elucidated the difference between cis-
and trans-vacant clay edge surfaces’ acid−base properties. This
study provides fundamental information for further multi-scale
study of the interfacial processes of 2:1-type clay minerals, for
example, the adsorption of contaminants on clay minerals.

2. METHODOLOGY
2.1. Models. The optimized primitive unit cell parameters

of cis-vacant 2:1 dioctahedral phyllosilicates are a = 5.22 Å, b =
9.04 Å, c = 10.09 Å, and α = 89.82°, β = 99.55°, γ = 90.02°.31
The hydrated edge surface models including two unit cells
were placed in 3D periodically repeated orthorhombic boxes
(12.45 Å × 10.44 Å × 33.56 Å) with a solution region of 20 Å.
Edge surfaces perpendicular to [010], [01̅0], [110], and [1̅1̅0]
crystallographic directions were modeled. The solution region
contained 130 water molecules, approximately corresponding
to the density of bulk water at ambient conditions (Figure S1).
Ten water molecules were inserted into the interlayer to create
a monolayer hydrate (Figure 2 as an example).
In the initial configuration, all surface O atoms were

saturated with H atoms, and Al atoms were 6-fold coordinated
(Figure 2). Structures without (No-sub) and with Mg2+
substitution (Mg-sub) were investigated. Due to the high
computational cost, we only investigated the cases where Mg2+
substitution occurs in the cis-octahedron (Figure S2).
2.2. First Principles Molecular Dynamics. CP2K/

Quickstep package based on mixed Gaussian plane wave
scheme was used to carry out all simulations.41 Perdew−
Burke−Ernzerhof functional was applied for exchange
correlation effects,42 and Goedecker−Teter−Hutter pseudo-
potentials were used to represent the core electron state.43 The
dispersion correction was applied in all calculations with the
Grimme-D3 method.44,45 A double-ζ valence augmented with
polarization basis set46 was employed for H, O, Mg, Al, and Si,
and the plane wave cutoff was set to be 400 Ry.
Born−Oppenheimer molecular dynamics simulations were

carried out with a wave function optimization tolerance of
10−6. Canonical ensemble (NVT) conditions were imposed
using a No ́se−Hoover chain thermostat with a target
temperature of 300 K.47 The MD time step was set to be
0.5 fs. For each system, we conducted an initial equilibration
simulation of 3.0 ps, followed by a production period of 5.0−
10.0 ps.

2.3. Acidity Constant Calculations. The pKa values of
the edge surface sites were computed using the half-reaction
scheme of the FPMD-based vertical energy gap method.48,49 In
this method, the proton of an acid (denoted as AH) is
gradually transformed into a ghost atom, and the free energy of
the transformation is calculated according to the thermody-
namic integration approach. Full details are given in the
Supporting Information.
The investigated edge surface sites were �Al/Mg(OH2)2,

�Al/Mg(OH2)OH, �Si(OH), �Al(OH2), �Si(OH)2Al/
Mg, �SiO(OH)Al/Mg, and �Al/Si/Mg(OH)Al for the
surfaces perpendicular to [010], [01̅0], [110], and [1̅1̅0]
(Figures 2 and S2). The slashes represent the different
octahedral or tetrahedral connection sites. Dangling O atoms
at the surface sites usually require two H atoms to saturate.
Doubly protonated silanol sites �Si(OH2) do not exist in the
normal pH range and do not contribute to the acid−base
chemistry, and thus were not considered.23 For some sites, for
example, �Si(OH)2Al on the surface perpendicular to [010],
one proton dissociated spontaneously within a few pico-
seconds in free simulations. Therefore, the O−H bonds were
restrained in pKa calculations of these sites (Tables S1 and S2).
For some sites, for example, �Al/Mg(OH)Al and �
Mg(OH2)2, the deprotonated forms would capture one proton
from water molecule. For the calculations of these sites, all OH
bonds of water molecules were restrained at 1.89 bohr to
prevent this from happening in the simulation.
2.4. Surface Complexation Modeling. A modified

version of PHREEQC that considers the spillover of
electrostatic potential from basal surfaces was used to construct
SCMs for clay layer edge surfaces.5,21,50 A key feature is that
the electrostatic potential of edge surfaces is negative when the
edge surface charge is zero. PHREEQC scripts and database
are available in the Supporting Information.

Figure 2. Edge surface model of non-substituted (No-sub) cis-vacant
structure. (a) ⊥[010], (b) ⊥[01̅0], (c) ⊥[110], and (d) ⊥[1̅1̅0].
Color scheme: Si (yellow), Al (pink), O (red), H (white).
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3. RESULTS AND DISCUSSION
3.1. FPMD Simulations. 3.1.1. Surface Structures of Cis-

Vacant Model. Compared with the trans-vacant model, the
surface perpendicular to [010] of cis-vacant model has a
special structure with symmetrical vacancy surrounded by �
Si(OH)2Al/Mg and �Si(OH) (Figure 2a). Vacancy usually
serves as an adsorption site for heavy metals.51−53 Similar to
the trans-vacant edge perpendicular to [010] direction, the cis-

vacant model also has �Al(OH2)2 and �Si(OH) sites on
[01̅0] direction (Figure 2b). Both surfaces perpendicular to
[110] and [1̅1̅0] on the cis-vacant model are inclined edges
which are similar to the trans-vacant edge perpendicular to
[110]. Such beveled surfaces have different silanol groups, that
is, �Si(OH)U (silanol on upper T-sheet) and �Si(OH)L
(silanol on lower T-sheet). For edge perpendicular to [1̅1̅0],
there are �Al(OH2)2 and �Al(OH)Al sites (Figure 2c). In

Figure 3. Edge surface sites and pKa values of trans-(a) and cis-(b) vacant clay models. The pKa values of trans-vacant clay model were taken from
Liu et al.23
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addition, the edge perpendicular to [110] has the same type of
surface sites (i.e.,�Al(OH2) and�Si(OH)Al) (Figure 2d) as
the trans-vacant edge perpendicular to [110]. In the case of
Mg2+ substitution, �Si(OH)2Mg and �Mg(OH2)2 appeared
on surfaces perpendicular to [010] and [1̅1̅0], while the surface
sites on surfaces perpendicular to [01̅0] and [110] are the
same to the No-sub model because the cis-octahedron
substituted by Mg2+ is inside the bulk phase (Figure S2).
3.1.2. Acidity Constant of Cis-Vacant Model. The pKa

values of all edge surface sites for the non-substituted (No-sub)
and Mg-substituted (Mg-sub) models were computed with
statistical uncertainties within 1.6 pKa units (Tables S3 and
S4). The uncertainties of the pKa value were evaluated as the
semi-difference between the value using the first half of the
trajectory only and the second half of the trajectory only.
Figure S3 shows the accumulating averages of vertical energy
gaps of �Al(OH2)2 on the edge perpendicular to [1̅1̅0] and
�Si(OH) on the edge perpendicular to [01̅0], which
indicated that the results converged within the simulation
period, and the effect of possible dipole was negligible.
On the surface perpendicular to [010], �Si(OH)2Al site

had the lowest pKa (−0.8), indicating that the site is mostly
deprotonated at a common pH value. Proton dissociation at�
Si(OH)2Al site increased the pKa of �SiO(OH)Al to 5.9,
suggesting that �SiO(OH)Al and �SiO(O)Al are dominant
surface species under environmentally relevant conditions. The
�Si(OH) site had a pKa of 6.8, which was similar to the pKa of
7.0 of the silanol on the trans-vacant model (Figure 3a).23

Furthermore, the pKa values of �Si(OH) site on the edge
perpendicular to [01̅0] and the bound water at �Al(OH2)2/
�Al(OH)(OH2) sites were 8.1 and 5.7/9.8, respectively.
These results were also consistent with the similar sites (�
Si(OH), �Al(OH2)2 and �Al(OH)(OH2)) on the trans-
vacant edge perpendicular to [010] considering the model
calculation error margin. The �Al(OH)Al site on the edge
perpendicular to [01̅0] had a pKa value of 13.2, indicating that
it remained protonated even at high pH values.
On the surface perpendicular to [110], the pKa values of �

Si(OH)U and�Si(OH)L were 6.3 and 6.8, close to the values
obtained for the silanols on the edge perpendicular to
[1̅1̅0](i.e., 7.4 and 8.1, respectively) (Figure 3b). A similar

result has been described for silanol sites on trans-vacant
surface (i.e., 8.0 vs 8.3 for�Si(OH)U and�Si(OH)L sites).23
Similar to the trans-vacant model, �Si(OH)Al on the edge
perpendicular to [110] had a pKa of −11.7, implying that it was
unstable in the presence of water.�Al(OH2) site on the edge
perpendicular to [110] and �Al(OH2)2 on the edge
perpendicular to [1̅1̅0] of cis-vacant model had pKa values of
5.6 and 7.0, respectively, which were close to the �Al(OH2)
site on the trans-vacant edge perpendicular to [110] (i.e., pKa
of 5.5).23 For �Al(OH)Al site on the edge perpendicular to
[1̅1̅0] (i.e., the structural OH), the pKa value was 17.6,
indicating that it should not contribute to edge surface acid−
base properties.
Previous studies show that the influence of isomorphic

substitution on surface pKa values is usually limited in one unit
cell.23,25 In our cis-vacant model, Mg2+ substitution took place
in the first octahedral layer on the surface perpendicular to
[010] (Figure S2a). The pKa of the �Si(OH) site connected
with Mg via bridging oxygen was 9.0, while the pKa values of
�Si(OH)2Mg and �SiO(OH)Mg sites were 5.3 and 8.8,
respectively (Figure 3b). Therefore, �Si(OH)2Mg can
contribute to the titration data, which is in contrast to the
�Si(OH)2Al site on the No-sub model described previously.
All of the pKa values were higher than their counterparts on the
No-sub model, similar to the finding for trans-vacant surfaces.
On the surface perpendicular to [01̅0], the edge surface sites
have the same nomenclature as on No-sub surface except that
they connect with Mg via bridge oxygen. The �Si(OH) site
had a pKa of 11.0, which was consistent with the Mg-sub trans-
vacant edge perpendicular to [010] (10.8). However, the pKa
values of�Al(OH2)2 and�Al(OH2)(OH) sites were 5.9 and
10.1, respectively, which were close to the values of their
counterparts on the No-sub model (i.e., 5.7 and 9.8),
suggesting that the effect of Mg2+ substitution on Al sites is
weak. �Mg(OH)Al site had a very high pKa of 16.6 and
therefore should be protonated in water.
Similar effect of Mg-sub has been found for the other

surfaces. �Si(OH)U and �Si(OH)L sites on the Mg-sub cis-
vacant edge perpendicular to [110] had pKa values of 9.1 and
10.4, respectively, which were higher than their counterparts
on the No-sub model (Figure 3b). The �Al(OH2) site was

Table 1. Summary of pKa Values of Edge Sites on Individual Surfaces of Trans/Cis-Vacant Models (tv and cv, Respectively)a

sites tv ⊥ [010] tv ⊥ [110] cv ⊥ [010] cv ⊥ [01̅0] cv ⊥ [110] cv ⊥ [1̅1̅0]
No-sub �Si(OH) 7.0 8.0U/8.3L 6.8 8.1 6.3U/6.8L 7.4U/8.1L

�Al(OH2)2 3.1 5.7 7.0
�Al(OH)(OH2) 8.3 9.8
�Al(OH2) 5.5 5.6
�Si(OH)Al 1.7 −11.7
�Si(OH)2Al −0.8
�Si(O)(OH)Al 5.9
�Al(OH)Al 13.2 17.6

Mg-sub �Si(OH) 10.8 11.0 9.0 11.0 9.1U/10.4L 8.9U/9.2L

�Mg(OH2)2 13.2 15.1
�Si(OH)Mg 4.2
�Al(OH2)2 5.9
�Al(OH)(OH2) 10.1
�Al(OH2) 8.5
�Si(OH)Al −7.1
�Si(OH)2Mg/�Si(O)(OH)Mg 5.3/8.8
�Mg(OH)Al 16.6 18.7

aThe pKa values of the trans-vacant model were taken from Liu et al.
23
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mostly protonated under a neutral pH (pKa of 8.5), while �
Si(OH)Al site was deprotonated (pKa of −7.1). On the surface
perpendicular to [1̅1̅0] of the Mg-sub model, the pKa values of
�Si(OH)U and �Si(OH)L sites increased slightly to 8.9 and
9.2 compared to the No-sub model (i.e., 7.4 and 8.1,
respectively). �Mg(OH2)2 and the structural OH site (i.e.,

�Mg(OH)Al) were inert because of their high pKas (15.1 and
18.7, respectively).
The pKa values in Table 1 form a complete set of acidity

constants for Al−Mg montmorillonite edge surface sites. A cis-
vacant model has more diverse sites than a trans-vacant model.
For example, �Si(OH)2Al was the unique site on edge
surfaces on the cis-vacant model, and it was the major reactive

Figure 4. Comparison of the predicted titration model for No/Mg-sub cis- and trans-vacant structure on edges perpendicular to [010]/[01̅0] and
[110]/[1̅1̅0]. The specific edge surface area was set to 14 m2·g−1 and both the relative abundance of edges perpendicular to [010], [01̅0], [110],
and [1̅1̅0] were set to 1/1 respectively. The fractions of Mg substitution were set to 0.125.
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site under ambient pH. Moreover, the structural OH sites (�
Al(OH)Al) on surfaces perpendicular to [01̅0] and [1̅1̅0] had
extremely high pKa values, which did not show reactivity at a
common pH. Overall, these acidity results imply that �
Si(OH), �Al(OH2)2/�Al(OH)(OH2), �Si(O)(OH)Al,
and �Al(OH2) sites on edge surfaces of non-substituted cis-
vacant layer are the major reactive sites, whereas the reactivity
of trans-vacant layers mainly depends on �Si(OH), �
Al(OH2)2/�Al(OH)(OH2), and �Al(OH2) sites. The
distributions of dominant surface sites on No-sub cis-vacant
edge surfaces are shown in Figure S4. Mg2+ substitution
increased the pKa values of neighboring sites, which can alter
the acid chemistry of some sites (e.g., �Si(OH)2Mg and �
Mg(OH2)2).
3.2. Predicted SCM for Cis-Vacant Clay Minerals.

Previous studies have established prediction models of the
acid−base titration data, in which the acidity constants were
based on the trans-vacant model,21 and the results indicated
that the surfaces perpendicular to the different crystallographic
directions have different surface charges. For comparison, we
employed two sets of pKa values from the trans- and cis-vacant
models to construct the SCM on different edge surfaces.
On the common edge surfaces of trans- and cis-vacant

models (i.e., surface perpendicular to [010], [01̅0], [110], and
[1̅1̅0] crystallographic directions), the surface charge decreased
with increasing pH to a similar extent for the two models
(Figure 4 top). Moreover, edge surface charge of both trans-
and cis-vacant models had little dependence on Mg2+
substitutions, but the dependence on the crystal plane
orientation was strong.
The averaged charge of surfaces perpendicular to [010],

[01̅0], [110], and [1̅1̅0] in the cis-vacant model was compared
to the charge of surfaces perpendicular to [010] and [110] in

the trans-vacant model (Figure 4 bottom), respectively. At 0.1
mol·L−1 NaCl, the averaged charge of surfaces perpendicular to
[010] and [01̅0] in the cis-vacant model was slightly higher
than that of the surface perpendicular to [010] in the trans-
vacant model at pH < 6.0 and identical to each other at higher
pH values. The surface charges on cis-vacant surfaces
perpendicular to [110] and [1̅1̅0] were higher than that of
the trans-vacant surface perpendicular to [110] at pH < 8.8,
but the surface charge of cis-vacant surfaces decreased with a
larger slope than that of trans-vacant surface, leading to a more
negative surface at pH above 8.8. Changes in ionic strength
were predicted to have a significant effect on surface charge.
Both cis- and trans-vacant models showed that a decrease in
ionic strength results primarily in a reduction of the surface
charge variation amplitude and in a shift of the point of zero
charge toward higher pH values. The overall charge on all edge
surfaces for cis- and trans-vacant structures was also calculated
(Figure S5). The difference in the overall charge between cis-
vacant and trans-vacant structures was mainly controlled by the
apparent discrepancy between the trans-vacant surface
perpendicular to [110] and cis-vacant surfaces perpendicular
to [110] and [1̅1̅0] (Figure 4), and thus, their profiles were
similar to one another.
We tested our cis-vacant model by comparing its predictions

with published potentiometric titration data (Figure 5).21,55

Proportions of edge surface directions were set at 0.3/0.7 for
surfaces perpendicular to [010] and [110] in the trans-vacant
model and 0.15/0.15/0.35/0.35 for the surfaces perpendicular
to [010], [01̅0], [110], and [1̅1̅0] in the cis-vacant model, in
agreement with atomic force microscopy (AFM) results,
showing a predominance of edge surfaces perpendicular to
[110] and [1̅1̅0] compared to those perpendicular to [010].54

In the cis-vacant model, only octahedral Mg2+/Al3+ and Fe2+/

Figure 5. Comparison of model predictions (lines) and potentiometric titration data (symbols) for MX80 montmorillonite (bottom) and SWy-2
montmorillonite (top) as reported by Tournassat et al.21 The specific edge surface area was set to 12 and 14 m2·g−1 for, respectively, MX80 and
Swy-2 montmorillonite as by Tournassat et al.21 The relative abundance of edges perpendicular to [010] and [110] was set at 0.3/0.7 for the trans-
vacant model (plain blue lines) and that of edges perpendicular to [010], [01̅0], [110], and [1̅1̅0] was set at 0.15/0.15/0.35/0.35 for the cis-vacant
model (dashed red lines) in agreement with AFM results.54
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Al3+ substitutions were taken into account. Sites with Fe2+/Al3+
substitutions were considered to have the same pKa parameters
as the sites with Mg2+/Al3+ substitutions, and Al3+/Si4+
substitutions were not considered. All other model parameters
and calculation procedures were identical to those used by
Tournassat et al.21 The consideration of a cis-vacant instead of
a trans-vacant structure had a significant influence on the edge
surface charge (Figure 4), but it had little effect on the
prediction of potentiometric titration results (Figure 5). The
agreement of the model with experimental data was not
improved compared to the trans-vacant model. An almost
perfect agreement with the experimental data can be achieved
by adjusting the pKa values of edge surface sites in the limit of
the ±1.6pKa unit uncertainty, but as already explained by
Tournassat et al.,21 such a refinement was not deemed justified
in light of the uncertainties in the experimental data. This
comparison highlights the lack of modeling constraint provided
by potentiometric titration data. As already stated in the
literature, contrary to oxi(hydr)oxides surfaces, potentiometric
titration curves of montmorillonite measured as a function of
ionic strength do not exhibit a crossover point,12,55,56 because
of the spillover effect of basal surface potential on edge
surfaces. In addition, because of the predominance of the basal
surfaces over the edge surfaces, electrophoretic measurements
of Na-montmorillonite particles always result in negative ζ
potential values.57 Consequently, no point of zero charge of
edge surfaces and iso-electric point can be determined
accurately. At last, the smooth decrease of proton charge
with pH does not allow the identification of individual pKa
values from the presence of inflexions in the titration curves.
Nevertheless, we consider that our cis-vacant model is
improved compared to the previously published trans-vacant
model by Tournassat et al.,21 because a good agreement

between predicted and measured proton charge was found
(Figure 5) and because our cis-vacant model takes into
account the most recent insights on clay edge surface structure
and reactivity. First, the cis-vacant structure at montmorillonite
edges was confirmed with high resolution electron trans-
mission microscopy measurements.34 And second, relative
proportions of edge surface directions were made available
from AFM measurements.54 Our cis-vacant model could be
further improved with the addition of other types of
substitutions, of which the pKa values remain to be determined
using FPMD calculations.
The trans-vacant model predicted a negative surface

potential at pH above 4 for the two types of surfaces present
in the model, that is, perpendicular to [010] and [110] (Figure
6). Contrastingly, the cis-vacant model predicted a negative
surface potential at pH above 4 for surfaces perpendicular to
[010] and [110] but a positive surface potential at pH below ∼
6−7 for surfaces perpendicular to [01̅0] and [1̅1̅0]. Hence, for
pH below 6−7, montmorillonite particles may exhibit edge
surface with a positive surface potential on one side and a
negative surface potential on the other side.
Some anions, including metalloids, sorb weakly but notably

on montmorillonite surfaces. Arsenate�As(V)�adsorption is
pH-dependent and exhibits a bell shape with an adsorption
maximum at pH 6−7.58,59 Our modeling findings makes it
possible to give an explanation to this adsorption behavior.
The maximum of adsorption corresponds to the presence of
negatively charged aqueous H2AsO4− and HAsO42− species
concomitantly with the presence of a positive surface potential
on some of montmorillonite edge surfaces. At lower pH, As(V)
species are dominated by the neutral species H3AsO4, which
cannot interact electrostatically with the surface, while at
higher pH, the electrostatic interaction between the negative

Figure 6. Swy-2 edge surface potentials as a function of surface directions, pH, and ionic strength. Comparison of our cis-vacant model and the
trans-vacant model by Tournassat et al.21

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07171
Environ. Sci. Technol. 2023, 57, 1342−1352

1349

https://pubs.acs.org/doi/10.1021/acs.est.2c07171?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07171?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07171?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07171?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


surface potential and the negatively charged As(V) aqueous
species is unfavorable. Similar adsorption behavior may also be
explained for other oxyanions such as aqueous As(III), Se(IV),
and Mo(VI).60

The highly complex nature of clay mineral surface reactivity
requires the application of multiple techniques to obtain
insightful parameters for the building of predictive SCMs.6

Because of the complexity of the structure and chemistry on
edge surfaces of montmorillonite, pKa values cannot be
obtained unequivocally from the fitting of potentiometric
titration experiments,12,56 and information gained at atomistic
scale is necessary to build a constrained SCM. A key finding in
the present study is related to the necessity to consider
contrasted electrostatic properties at montmorillonite edge
surfaces with various crystallographic directions in a single
particle which arise from the non-centrosymmetric nature of
montmorillonite cis-vacant layer structure.
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