
1 3

Theor Chem Acc (2015) 134:51
DOI 10.1007/s00214-015-1654-2

REGULAR ARTICLE

Montmorillonite interlayer surface chemistry:  
effect of magnesium ion substitution on cation adsorption

Lasse P. Lavikainen1 · Jukka T. Tanskanen1 · Timothy Schatz2 · Seppo Kasa3 · 
Tapani A. Pakkanen1 

Received: 19 December 2014 / Accepted: 21 March 2015 / Published online: 5 April 2015 
© Springer-Verlag Berlin Heidelberg 2015

1  Introduction

Clay is a naturally occurring material, which becomes 
plastic when wetted and hardens when dried or fired. It is 
mainly composed of fine-grained minerals and other asso-
ciated phases, but most importantly of clay minerals that 
impart to clay the aforementioned properties [1]. In ben-
tonite clay, which is formed authigenically or by volcanic 
rock alteration [2], the main component is the clay mineral 
montmorillonite. It is responsible for the swelling behavior 
of bentonite when in contact with water and also provides 
bentonite its unique diffusive, ion exchange, mechanical 
and rheological properties. Consequently, montmorillonite 
has enabled the use of bentonite as filler, binder or absor-
bent/adsorbent material in various applications, including 
foods and beverages, water purification, catalysts, drilling 
mud and buffer materials. In the latter category, bentonite is 
the primary candidate for use as a protective release barrier 
for long-term nuclear waste disposal. It serves as a densely 
packed absorbent/adsorbent to retard the migration of pore 
water and possibly leaked radionuclides around waste con-
tainers [3, 4].

Montmorillonite clay mineral is a planar 2:1 phyllo-
silicate and belongs to the dioctahedral smectite group 
[5]. The planar 2:1 phyllosilicate structure is formed by 
one aluminum (hydr)oxide sheet, which is sandwiched 
between two parallel silicate sheets. On the basis of silicon 
or aluminum coordination numbers, the sheets are referred 
to as tetrahedral and octahedral, respectively. The latter 
may also be referred to as dioctahedral if only two of the 
three octahedral coordination sites are occupied. The spe-
cific characteristic that differentiates montmorillonite from 
other dioctahedral smectites is the appearance of isomor-
phic Mg2+  →  Al3+ substitutions in the octahedral sheet 
(Fig. 1). However, finding ideal montmorillonite is unlikely 
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in nature, and therefore, substitutions characteristic to 
other smectites may also be present; commonly tetrahe-
dral Al3+/Fe3+ → Si4+ and octahedral Fe2+/Fe3+ → Al3+ 
are observed. Due to lower charge of substituting atoms, a 
negative net layer charge is generated, which for smectites 
ranges approximately from 0.4 to 1.2 per O20(OH)4 for-
mula unit [3, 6].

In the layer structure of smectites, the excess negative 
charge is balanced by adsorption of charge-compensating 
cations on the layer surfaces [7]. An electric double layer 
is formed, and through Coulombic interactions the layers 
stack into particles, which are further held together by van 
der Waals forces. Despite the interactions, water is able to 
penetrate between the layers, i.e., into the interlayer space, 
and hydrate the layer surfaces and the associated cations. 
Due to water, the layers separate further apart and the vol-
ume of the particles increases, i.e., the clay swells, ren-
dering the interlayer cations mobile and exchangeable in 
the process. The extent of swelling and exchangeability 
depends on the layer charge and on the location of sub-
stitutions, but also on the interlayer cations: Na+ induces 
greater swelling than Ca2+, while poorly hydrating K+ 
inhibits swelling. As for the exchange, generally, inorganic 
monovalent cations are exchanged for multivalent cations 
(e.g., Na+ by Ca2+) and smaller cations for larger cations 
(e.g., Na+ by K+) [8–14].

To obtain deeper understanding of swelling and cation 
exchange behavior of smectites, the interactions of cati-
ons and water with the interlayer surfaces has been exam-
ined on the molecular level. Experimental studies [15–17] 
are relatively few due to heterogeneous character of clay, 
but several theoretical studies [18–26] exist. These studies 
have found that the interlayer cations are present as fully 
or partially hydrated complexes, which interact with the 
layer surfaces through their hydration sphere or by direct 
adsorption, respectively. The type of complex is observed 
to depend not only on the interlayer water content and the 
hydration tendency of interlay cations, but also on the num-
ber and location of substitutions. Although both complex 
types are most often located in the vicinity of substitutions, 

the probability of direct cation adsorption is highest near 
tetrahedral substitution sites, which locate closer to the sur-
face compared to octahedral ones.

The cation–surface attraction due to substitutions is gen-
erally described in the literature to result from increased or 
localized negative charge density on the surface oxygens. 
While effectively correct, the exact nature of this charge 
has not been discussed in detail. Bleam [27] demonstrated 
that the negative net charge originates from a positive 
charge deficit, since the substitutions leave the electron 
count of the system unchanged, but have a lower nuclear 
charge compared to unsubstituted atoms in the structure. 
This deficit, however, cannot simply be treated as the dif-
ference between the formal charges of substituting and 
unsubstituted atom; some of the negative net charge may 
be displaced to other species due to bonding interactions. 
For octahedral Mg2+  →  Al3+ substitutions, Bleam and 
Hoffmann [28] estimated with the extended Hückel method 
that about half of the negative net charge remains on the 
substitution site while the rest is deposited elsewhere in the 
structure, mostly on the next-nearest-neighbor aluminums.

In the present paper, we study and demonstrate the 
effects of octahedral Mg-substitutions in an idealized dry 
montmorillonite structure. Density functional theory with 
relaxed atomic geometries is used to verify the semiempiri-
cal charge distribution estimations of Bleam and Hoffmann. 
The study is then extended to investigate cation adsorption 
on the layer surfaces. We search for the mechanism and the 
relative strength of cation–surface interaction.

2 � Methods and models

2.1 � Computational methods

The calculations were performed with density functional 
theory using PBE-functional [29, 30] and projector aug-
mented waves (PAWs) [31, 32] as implemented in the 
Vienna ab initio simulation package (v. 5.2.12) [33–36]. 
The methods have been shown to yield bond lengths for 
montmorillonite that are in good agreement with experi-
mental measurements [26, 37]. Valence orbitals of all 
elements were described explicitly with PAWs, and addi-
tionally for group I-II elements, the lower shell (n −  1) 
p-orbitals were included in the valance state. The kinetic 
energy cutoff for the basis was set to 404  eV, and only 
the Γ-point centered at the Brillouin zone was considered 
for the calculations due to the large unit cell of the sys-
tem. Electronic structures were converged to 10−5 eV, and 
atomic geometries were optimized until residual forces act-
ing on each atom were less than 0.01 eV Å−1. The param-
eters were tested to provide accurate relative energies for 
the studied systems.

Fig. 1   Layer structure of montmorillonite
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Charge density distribution in the montmorillonite 
was studied by examining electrostatic potential (ESP) 
and atomic charges. An ESP describes the strength of an 
electrostatic interaction at point of interest, and its units 
are equal to the work required to bring a positive charge 
of one elementary unit to infinite distance. The atomic 
charges were determined by the Bader method [38], which 
divides electron densities between atoms on the basis of 
“zero-flux surfaces” of electron density gradient, and the 
Voronoi (deformation density) method [39], which divides 
atoms and their respective electron densities on the basis 
of atomic geometry. The analysis of atomic charges was 
carried out by a third party code [40], in which the Bader 
atomic volumes were confined with the nearest grid method 
[41].

2.2 � Model design

The models in the calculations were fully periodic in 
three dimensions. The initial model was built from trans-
vacant pyrophyllite like unit cell with a layer symmetry 
c2/m and molecular formula of Si8Al4O20(OH)4. The 
atomic coordinates and the lattice vectors were extracted 
from orthogonalized montmorillonite unit cell [42] based 
on the electron diffraction measurements [43]. Since the 
unit cell did not include hydrogen atoms, they were manu-
ally added into the model. The unit cell was multiplied to 
create a supercell Si32Al16O80(OH)16 with dimensions of 
2a ×  2b ×  c in relation to the initial model. The a and 
b dimensions of the supercell were kept at corresponding 
experimental values of 10.36 and 17.96  Å, respectively, 
whereas the lattice vector c was fixed at 10 Å. The latter is 
close to experimental values obtained from dried benton-
ites [43] and is slightly higher than the optimized value, 
9.95 Å. The fixation of the model dimensions streamlined 
the calculations of atomic configurations, while the choice 
of slightly higher c lattice vector ensured that cations have 
enough space to occupy the interlayer space. An excep-
tion was made in the case of atomic charge analysis for 
which the lattice vectors were optimized; the optimized 
model dimensions were 10.30 Å for a, 17.86 Å for b and 
9.95 Å for c.

For addition of substitutions, montmorillonite com-
position data collected from Wyoming MX-80 bentonite 
were used as a Ref. [44]. Accordingly, the negative net 
layer charge of montmorillonite is approximately 0.5 per 
O20(OH)4 formula unit, and substantial amounts of octa-
hedral Mg (~0.5) and Fe (0.36–0.38) are present in the 
structure along with some tetrahedral Al (0.02–0.11). The 
substitution densities are comparable to the data from 
which experimental lattice vectors were extracted for 
the model. However, for the purpose of the calculations 
reported here, Fe and Al substitutions were ignored and 

only Mg-substitutions were included to generate a negative 
net layer charge of 0.5. This equals to two substitutions per 
model unit cell.

The viable positions for the Mg-substitutions in the 
octahedral sheet of the model unit cell were investigated. 
Because of the model periodicity, the addition of the first 
Mg-substitution was an arbitrary choice, but the position of 
the second one had to be calculated: 15 positions remained 
available. The second substitution was placed on each of 
these positions generating 15 different configurations. The 
atomic geometries of the configurations were optimized, 
and the total energies of the systems were examined. The 
lowest energy was obtained when the second substitution 
occupied position 5 in the substitution scheme (Fig.  2a). 
This configuration was set to be the reference state to which 
energies of other configurations were compared (Fig. 2b). 
The comparison indicated that several viable low-energy 
configurations exist and that the configurations where the 
substitutions occupy neighboring positions can clearly be 
ruled out. The second substitution was then placed on the 
position 6, which is next to the lowest energy position. In 
this way, no mirror plane was generated in the unit cell, 
which would reduce the number of unique cation adsorp-
tion sites on the layer surfaces. The final, substituted model 
having a molecular formula Si32Al14Mg2O80(OH)16 is pre-
sented in Fig. 1.

Fig. 2   a Investigated positions for the second Mg-substitution in the 
model. Only species in the octahedral sheet are displayed. The first 
arbitrarily added Mg-substitution is colored orange. b Relative ener-
gies (kJ mol−1) for the configurations, where the second Mg-substitu-
tion is occupying one of the numbered positions
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3 � Results and discussion

3.1 � Surface charge distribution

A qualitative examination of charge density on the model 
surface was first performed. ESP was mapped [45] on 
an electron density isosurface and on a two-dimensional 
plane approximately 1 Å above the surface oxygens 
(Fig.  3). The negative ESP maxima observed in these 
maps were found to be −3.3 and −9  eV, respectively, 
although the absolute values should be considered with 

care, since they include contributions from all the layers 
in the periodic system.

The isosurface ESP maps indicate that the surface 
charge is most negative over the surface oxygens (Fig. 3a, 
red areas), especially in the middle area of the unit cell 
where the Mg-substitutions are located in the octahedral 
sheet (Fig.  3b, red areas). In contrast, the least negative 
surface oxygens are found far from the substitutions and 
above the hydroxyl hydrogens located in the octahedral 
sheet. The hydrogens can be identified as a source of posi-
tive potential (blue color) through the ditrigonal cavities of 
the tetrahedral sheet shown in Fig. 3a. On the other hand, 
what cannot be directly seen on the isosurface ESP maps 
but appears evident in the two-dimensional ESP map, is the 
negative character of ditrigonal cavity centers generated 
cumulatively by the surface oxygens (Fig.  3c, dark gray 
areas). Similar maps to Fig. 3 have been visualized in ear-
lier studies [24, 46], but the most negative ESP could not 
be observed near the Mg-substitutions or in the center of 
ditrigonal cavities due to different models or methods.

3.2 � Atomic charges

The charge distribution of the system was quantified on an 
atomic basis to study the origin of surface negativity. For 
the calculations, one Ca2+ cation or two Na+ cations were 
added on the model surfaces in the center of ditrigonal 
cavities. Both the atomic geometries and the dimensions 
of the model were optimized. The determination of the 
atomic charges was then performed by the Bader method 
and, for comparison, by the Voronoi method as well. In the 
analysis, to describe the species in different chemical envi-
ronments conveniently, oxygen atoms were classified into 
four subtypes: bridging oxygen (ob), bridging oxygen with 
octahedral substitution (obos), hydroxyl oxygen (oh) and 
hydroxyl oxygen with substitution (ohs). The classifica-
tion scheme is analogous to one used in the CLAYFF [47] 
force field, which is specifically parameterized for a variety 
of clay-type compounds. From there on, the atomic charges 
were calculated as an average with respect to neutral states 
of the atoms. The charge values in the Ca- and Na-mont-
morillonite models were found to be almost identical and 
thus are reported here solely on the basis of the Ca-mont-
morillonite model, except for the charge of Na. The results 
are presented in Fig.  4 where generalized formal charges 
and CLAYFF point charges are also included for compari-
son. A numerical presentation of the charges is included in 
the supplementary information (Online Resource 1).

The comparison of atomic charges indicates that the rel-
ative magnitudes over the different species follow a quite 
similar trend, despite the fact that the absolute charges 
vary depending on the method of determination. The trend 
is explained by atomic electronegativities, and therefore, 

Fig. 3   ESP of montmorillonite model surface: a ESP mapped on an 
electron density isosurface. The most negative areas, up to −3.3 eV, 
are indicated by red color and positive areas by blue color. The black 
crosses mark positions of the Mg-substitutions in the octahedral 
sheet. b Identical to a, but the color scale illustrates the negative end 
of the potential, from −2.0 to −3.3 eV. c ESP mapped on a 2D-plane 
approximately 1 Å above the surface oxygens. The negative areas are 
indicated by gray color and positive areas by white color. The poten-
tial difference between contour lines is 1 eV
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the oxygens have received electron density from electro-
positive Si, Al, Mg and H, as expected on the elementary 
basis. The only notable differences have to do with the 
Voronoi charges of oh, ohs and H, for which the method 
has assigned more electron density than the other methods. 
This can be explained by the geometric constraints of the 
Voronoi method, which by definition confines some of the 
electron density of relatively large oxygen into the volume 
of small neighboring hydrogen.

The Bader charges were further analyzed by inspecting 
the charge variations for each species. The range turned 
out to be small: approximately 0.04 for H, 0.03 for ob 
and ≤0.02 for the other species. It can be concluded that 
the classification scheme of the species is appropriate and 
that the layer charge, on atomic basis, is close to uniform 
along the layer. Since obos and ohs have similar charges 
with ob and oh, respectively, the Mg-substitutions remain 
as the only significant charge defects in the structure due to 
their lower nuclear charge; according to Bader and Voronoi 
charges, the Mg-substitutions are 0.76 or 0.52 elementary 
units less positive (more negative) than unsubstituted Al in 
the given order.

The results differ from the analysis of Bleam and Hoff-
mann [28] in a sense that the negative net charge, not local-
ized at the Mg-substitutions, is deposited over different 
species in a homogeneous way. To which species and to 
what extent this charge is exactly being deposited remains 
beyond the scope of this study. The subject, however, was 
investigated by Voora et al. [37], who compared the atomic 
charge differences between pyrophyllite (no substitu-
tions) and montmorillonite (octahedral Mg-substitutions) 
with similar methods. According to their calculations, the 
excess negative net charge, introduced by the addition of 
the Mg-substitutions, is mainly being deposited on the sur-
face oxygens. Although their model unit cell had slightly 
different Mg-substitution distribution and was half of the 
size employed here, their results for montmorillonite are in 
close agreement with this study.

3.3 � Energetics of interlayer cation adsorption

Charge deficits at the Mg-substitution sites can be viewed 
as the source of a negative net electrostatic potential and 
therefore are expected to affect the interaction of inter-
layer cations with the layer surfaces. The correlation of 
this potential on cation adsorption energetics was studied 
by varying the positions of Ca2+ and Na+ cations on the 
layer surfaces, also taking into account the relaxation of 
atomic geometries. The studied models included one Ca2+ 
or two Na+ cations to compensate for the total layer charge 
of the model. The cations were placed in ditrigonal cavi-
ties, knowing that (1) the ESP, as seen in Fig. 3c, has high 
negativity in the center of each cavity, (2) optimization 

Fig. 4   Comparison of atomic charges in montmorillonite by various 
methods

Fig. 5   a Ditrigonal cavity map of the montmorillonite model. The 
black grid represents the surface of the upper tetrahedral sheet (closer 
to the viewer) and the gray grid represents surface of the lower tetra-
hedral sheet (further from the viewer). Numbers label the indicated 
cavities of both surfaces. Except for the Mg-substitutions (orange 
spheres), the octahedral sheet has been omitted. The content of the 
unit cell is defined by the intersecting gray lines. b Relative energies 
(kJ  mol−1) for the configurations, where the cations are occupying 
cavities labelled with corresponding numbers. For Na configurations, 
a bar between numbered cavity positions indicates that cations are 
found on different surfaces (upper/lower), whereas a dash between 
the numbered cavity positions indicates that the cations are on the 
same surface
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algorithm tends to move the cations into cavities even with 
higher layer spacings and (3) there is not much space for 
cations to locate elsewhere between dry, tightly stacked 
montmorillonite layers [37].

In the model unit cell, both of the layer surfaces have 
similar geometry and eight cavities (Fig. 6a). These cavities 
can be occupied by one Ca2+ cation in eight unique config-
urations, whereas two Na+ cations can occupy the cavities 
of both layer surfaces in a much greater number of permu-
tations. For Ca2+ cation, all the unique configurations were 
studied, but for Na+ cations the number of configurations 
was limited to few different ones. When the atomic geom-
etries of the configurations were optimized, the cations 
slightly shifted toward the Mg-substitutions either parallel 
to the surface (in cavities 3, 4, 7 and 8) or along the surface 
normal (in cavities 5 and 6). Some of the smaller Na+ cati-
ons (in cavities 1, 2 and 7) shifted out of the cavities along 
the a/c-direction and located between the layer surfaces, 
but the rest of the cations remained in the cavities. Also 
changes in cavity geometries were observed as the oxygen 
atoms moved in for closer contact with the cations.

The energetics of the optimized configurations was ana-
lyzed in an analogous way to Mg-substitution configura-
tions, as described in the methods and models section. The 
results (Fig.  6b) revealed that energy differences between 
the cation-associated configurations are significant, up to 
126 kJ mol−1, and the lowest energies are obtained when 
the cations occupy cavities closest to the Mg-substitutions. 
Clearly, the Mg-substitutions have a major impact on the 
cation–surface interaction. The dependence of the cation 
adsorption energetics on the cation-substitution distance 
is presented in Figs. 6 and 7, where the relative configura-
tion energies are plotted against the sum of inverse cation-
substitution distances, RCa and RNa. For the calculations of 

RCa and RNa, see the supplementary information (Online 
Resource 1).

As seen in the Figs. 6 and 7, the relative energies of the 
cation-associated configurations are linearly well correlated 
(r2 > 0.99) with the sums of inverse cation-substitution dis-
tances; the slopes are −239.1 kJ Å mol−1 for Ca2+ systems 
and −237.6  kJ  Å  mol−1 for Na+ systems. The negativity 
of the slopes indicates attractive cation–surface interaction 
which increases as the effective distance between cations 
and Mg-substitutions decreases. In other words, the ener-
getics of cation–surface interaction is inversely propor-
tional to the distance between cations and Mg-substitutions 
in the periodic three-dimensional lattice.

The results can be viewed as an extension to the study 
of Bleam [27], who used a two-dimensional array of fixed 
point charges to demonstrate that the potential above substi-
tutions are linear along the surface normal but curves close 
to the surface due to the potential of the tetrahedral sheet. 
In Figs. 6 and 7, no curving is observed, since the potential 
generated by the tetrahedral sheet is approximately constant 
on the level of adsorbed cations. The calculations presented 
here thereby confirm that the octahedral Mg-substitutions 
can be treated as a negative point-like charge defects in the 
montmorillonite structure. Although in natural systems and 
technological applications, the cation–surface interaction is 
further complicated by the effects of interlayer water, i.e., 
hydration, swelling and dielectric screening; the interactions 
presented here, even if reduced, should remain.

4 � Conclusions

Montmorillonite structure and interlayer surface chem-
istry were studied by quantum chemical methods. The 

Fig. 6   Correlation of relative Ca2+ cation adsorption energetics with 
RCa. The labels indicate cation adsorption sites as defined in Fig. 5

Fig. 7   Correlation of relative Na+ cation adsorption energetics with 
RNa. The labels indicate cation adsorption sites as defined in Fig. 5
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surface electrostatic potential, which qualitatively predicts 
the most probable adsorption sites for interlayer cations, 
was observed to be most negative near the octahedral Mg-
substitutions. According to calculated atomic charges, this 
negativity originates from the Mg-substitutions which are 
positive charge deficits and the only significant charge 
defects in the layer structure. The energetics of Ca2+ and 
Na+ cation adsorption on the layer surfaces was found to 
correlate linearly with the inverse cation-substitution dis-
tances, thus confirming the negative point-like character of 
the Mg-substitutions. The variations in cation adsorption 
energies were notable, up to 126 kJ mol−1, with respect to 
different adsorption sites in the model.

The results help to understand and verify the nature of 
negatively charged montmorillonite surfaces. The sur-
face charge is a fundamental property affecting hydration, 
swelling and cation migration/exchange behavior of mont-
morillonite, which have a central role in bentonite buffer 
applications, e.g., isolation of radionuclides in long-term 
nuclear waste disposal. The results may be used in molecu-
lar dynamic studies to evaluate energetics of the system and 
to interpret the behavior of cationic species in the interlayer 
space of montmorillonite or other similar phyllosilicates.
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