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Abstract

Clay minerals consist of anisotropic nanoplatelets where the majority of the clay miner-
als are highly charged, and thus, swell in aqueous solution. The structure and swelling
depend on the type of clay mineral, and also on the ionic composition, and temperat-
ure. The natural clay mineral montmorillonite have been studied both theoretically and
experimentally. Theoretically, coarse-grained models have been used to represent the
clay platelets where Monte Carlo (MC), and molecular dynamics (MD) simulations
have been utilized to study the electrostatic interactions between the platelets. Experi-
mentally, the structure has been studied with small angle X-ray scattering (SAXS), and
the swelling has been studied by swelling pressure measurements in a test cell.

The research in this thesis has been focused on the tactoid formation, i.e. platelets ag-
gregating in a face-to-face configuration with an equidistant separation, as a function of
the divalent counterion charge ratio, and as an effect of the relative permittivity of the
solvent. It was found that it was possible to tune the electrostatic interactions to obtain
a transition from a repulsive to an attractive system when increasing the divalent coun-
terion charge ratio or by decreasing the relative permittivity of the solvent. Moreover,
the temperature response was investigated, where it was found that the electrostatic
interactions alone can give a positive, negative, or constant osmotic pressure response
with temperature.
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Populärvetenskaplig
sammanfattning

Lera består utav små finkorninga lermineraler, vilka utgörs till stor del av elektrosta-
tiskt laddade nanopartiklar, även kallade lerplattor. En lerplatta har en tjocklek på en
miljarddels meter och dess diameter kan variera alltifrån fem till tusen gånger större än
tjockleken, vilket kan jämföras med ett A4-ark, där kortsidan är tusen gånger större än
tjockleken. Denna storleksskillnad ger upphov till att lerplattorna är anisotropa, alltså
att de har olika fysikaliska egenskaper i olika riktningar. Vad gäller lermineralens speci-
fika struktur, egenskaper och komposition finns det en stor variation där ingen är den
andra lik och detta beror på vilken typ av bergart lermineralen kommer ifrån. I hu-
vudsak består en lerplatta utav ett tetraediskt lager innehållandes kisel som är omgivet
av varsitt oktaedriskt lager innehållandes aluminium på båda sidor. Denna struktur är
negativ laddad då det förekommer utbyten mellan kisel och aluminium jonerna mot
joner med lägre laddning (valens), och för att bibehålla ett neutralt system existerar
det positiva joner (motjoner) mellan lerplattorna. Det är denna negativa laddning på
lerplattorna och dess motjoner som ger upphov till lerans svällande egenskaper.

Lera används inommånga tillämpningsområden, bland annat vid kärnavfallsförvaring,
papperstillverkning och vid borrning av gas eller olja. För slutförvaringen av det farliga
radioaktiva avfallet från de svenska kärnkraftverken planerar Sverige att placera avfallet
i kopparkapslar som skall bäddas in i bentonitlera 500 meter under marken i urberget.
Bentonitleran består till huvudsak av lermineralen montmorillonit, och tanken är att
denna skall skydda kopparkapseln både fysiskt och kemiskt under väldigt lång tid. På
grund utav detta är det mycket viktigt att utvärdera lerans egenskaper samt hur den
påverkas av exempelvis jonerna i grundvattnet, temperatur och tryck, allt för att få en
förståelse över hur den beter sig under olika faktorer.

I studierna som är presenterade i denna uppsats har lermineralen montmorillonit an-
vänts för att undersöka hur dess strukturella egenskaper och svällning beror på andelen
divalenta motjoner, temperatur och typ av lösningsmedel, vilka har studerats både te-
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oretiskt med datorsimuleringar samt med olika experimentella tekniker. Exempelvis,
strukturen har analyserat med ljusspridning och det osmotiska trycket har mätts med
hjälp av tryckmätningar i en test cell. Teoretiskt, har grovkorninga modeller använts
för att representera lerplattorna, antingen som två laddade parallella oändliga ytor eller
som flera små laddade plattor i en låda. Syftet med simuleringarna är att försöka få en
koppling mellan teori och experimentella observationer. Främst har fokus legat på att
få en förståelse över hur de elektrostatiska interaktionerna inom systemet påverkar dess
struktur och svällning.

Det har visats sig att det är möjligt hitta en övergång ifrån ett repulsivt till ett attrak-
tivt system enbart genom att justera de elektrostatiska interaktionerna i systemet. Detta
fångades genom att antingen ändra valensen på motjonerna, från monovalent till diva-
lent, eller genom att ändra lösningsmedlet, från vatten till alkohol. Dessutom, visade
det sig att temperaturen har en påverkan på systemet, där det osmotiska trycket an-
tingen kunde vara positivt, negativt eller konstant beroende på temperatur och typ av
motjon, vilket kan beskrivas enbart utifrån de elektrostatiska interaktionerna.
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1. Introduction

1.1 Clay and clay minerals

Clay science is a broad interdisciplinary field dating back to the mid-1930s (Bergaya
et al. (2006)), and prior to the development of modern analytical techniques it was
difficult to characterize small-sized particles composed of crystal imperfections in vari-
ous degrees. This adversity led quite naturally to problems with the nomenclature of
the terms clay and clay mineral. However, the development and improvements of dif-
ferent analytical techniques in the 1950s made it possible to accumulate information
about the identification of clay. Since then, clay scientists have made attempts to unify
the nomenclature and classification of clay on an international level (Bailey (1980)).
One of the definitions of clay is: a naturally occuring material composed of primar-
ily fine-grained minerals, which is generally plastic at appropriate water contents, and
will harden when dried or fired. In the classification, the fine-grained minerals are
defined to have an upper size limit of about 2-4 µm. Furthermore, clay minerals can
be defined as: phyllosilicateminerals and minerals which impart plasticity to clay and
hardens upon drying or firing (Guggenheim & Martin (1995)).

Clay minerals are formed in soils, sediments and by diagenetic alteration of volcanic
ash, and depending on which type of rock it is originated from, there is a wide vari-
ation of clay minerals with different compositions, structures, and properties. These
clay minerals belong to the family of phyllosilicates, or layer silicates, and the ma-
jority are aluminosilicates. The structural layers consist of two-dimensional continous
(Si,Al)-O tetrahedral (T) sheets, which are linked in the unit structure to (Al,Mg,Fe)-O
octahedral (O) sheets, or to groups of coordinated cations, or individual cations (Bailey
(1980); Deer et al. (2013)). The structure of the octahedral component is either defined
as di- or trioctahedral, depending on whether there are two or three trivalent cations
in the O sheet. Moreover, the T and O sheets can be connected in T-O pairs or in
T-O-T groups, thus, clay minerals are divided into two main types, 1:1 (TO), and 2:1
(TOT) layer clay minerals, which is schematically illustrated in Fig. 1.1. The primary
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groups of clay minerals are: (i) kaolinite, (ii) illite, (iii) smectite, and (iv) vermiculite.
Kaolinites are dioctahedral and belongs to the 1:1 clay minerals, where the thickness of
the single silica T sheet and the single alumina O sheet is about 0.7 nm (Fig. 1.1a). The
ideal chemical formula of kaolinite is Al2[Si2O5](OH)4, and it is a non-swelling clay
mineral due to the strong attraction between the adjacent layers, i.e. hydrogen bond-
ing between the OH groups of the O sheet and oxygens of the T sheet (Grim (1953);
Bergaya et al. (2006); Deer et al. (2013)).

(a) (b)

Figure 1.1: Schematically illustrated structures of (a) a 1:1 (TO), and (b) a 2:1 (TOT) clay mineral. The tetrahedral silica
sheet is represented in beige, the octahedral alumina sheet is represented in grey, and the connecting oxygen
atoms are represented by the red spheres.

The groups of illite, smectite, and vermiculite all belongs to the 2:1 clay minerals. The
structural layer consists of one central O sheet sandwiched between two T sheets with
a thickness of about 1 nm, and is denoted as a clay platelet (Fig. 1.1b). The octahedral
component for the clay minerals within the groups differs, for illites it is mostly diocta-
hedral, for vermiculites it is mostly trioctahedral, and for smectites it can be either di-
or trioctahedral depending on the smectite. The main smectites are montmorillonite,
beidellite, nontronite, saponite, hectorite, and suconite, where the three former have a
dioctahedral structure, and the three latter are trioctahedral. The characteristic feature
of a 2:1 clay mineral is the permanent negative surface charge density, which originates
from either (i) substitution of Si4+ ions by Al3+ ions in the tetrahedral sheet, (ii) substi-
tution of Al3+ ions or Mg2+ ions by cations with a lower valency in the octahedral sheet,
or (iii) vacancies. To conserve electroneutrality, the net-charge deficiency is balanced
by charge compensating exchangeable cations adsorbed in the interlayer between the
platelets (Grim (1953); Deer et al. (2013)). Moreover, the sign and density of the clay
platelets edge charges depends on the pH of the dispersion, which arises from that the
‘broken bonds’ of Si-O-Si and Al-O-Al, converts into hydroxyl groups of Si-OH and
Al-OH, thus, the edges can have either positive, negative or neutral charges (Bergaya
et al. (2006)).

The structural and charge anisotropy of the clay platelets gives rise to the specific struc-
tural and dynamic properties. Several configurations of the clay platelets in a clay
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have been proposed, such as (i) House-of-Cards, where the adjacent platelets are in a
T configuration, (ii) Stacked Platelets, in which the platelets aggregate in a face-to-face
configuration with an equidistant separation, denoted as tactoid (Fig. 1.2a), and (iii)
Overlapping Coins, where the configuration consists of a band-like structure (Fig. 1.2b)
(Delhorme et al. (2012)).

(a) (b)

Figure 1.2: Illustrative representations for the configuration of (a) stacked platelets, i.e. tactoid, and (b) overlapping
coins. The platelets have a negative surface charge and a positive edge charge, where the negatively, and
positively charged sites are represented as light and dark gray spheres, respectively.

1.2 Montmorillonite

The smectite montmorillonite consists of polydisperse clay platelets in the lateral di-
mensions, where the diameter are typically found in the range ∼ 5-1000 nm (Michot
et al. (2004)). The ideal chemical formula (Karnland et al. (2006); Deer et al. (2013))
is defined as:

Mx+y(Si8-xAlx)(Al4-yMgy(Fe))O20(OH)4 · nH20 . (1.1)

Here M represents the monovalent positively charged counterions located in the in-
terlayer between the platelets, x is the amount of substituted Si4+ ions by Al3+ ions
in the T sheet, and y is the amount of substituted Al3+ ions by Mg2+ ions in the O
sheet. Depending on the substitution parameters x and y, the surface charge density
for montmorillonite varies in the range of 0.4 to 1.2 unit charges per O20(OH)4-unit,
i.e. 0.4 < ( x + y ) < 1.2, and by definition the charge of the T sheet is lower than the O
sheet, i.e. x < y (Karnland et al. (2006); Hedström et al. (2011)). The negative surface
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charge is neutralized by ( x + y ) monovalent counterions such as Na+, K+, and/or
Li+ ions. However, the cation exchange capacity (CEC) of montmorillonite makes it
possible to exchange the valency of the counterions by replacing the monovalent ions
with multivalent ions, such as Ca2+, Mg2+, and/or La3+ ions. The structural and swell-
ing properties of montmorillonite are strongly affected by the valency and type of the
counterion. For the monovalent ions Na+ and Li+, the clay platelets can dissociate
and swell extensively, while for multivalent counterions tactoids are formed with an
equidistant separation of about 2 nm (Bergaya et al. (2006); Segad et al. (2015)).

A high content of themontmorillonite clay mineral can be found in the natural benton-
ite clay MX-80, which is a Wyoming bentonite produced by the Amercian Colloid
Company. MX-80 contains about 80 of montmorillonite, and the counterions are
usually a mixture of both mono-, and divalent cations, where Na+ is the dominating
counterion. The bentonite clay is often described through its dominating counterion,
since it, to a large extent determines the swelling property in water. Thus, MX-80 is
referred as sodium bentonite or sodium saturated montmorillonite from MX-80 with
the chemical formula (Karnland et al. (2006)):

Na0.65(Si7.89Al0.11)(Al3.10Mg0.49Fe0.38Ti0.01)O20(OH)4 . (1.2)

Bentonite clay is planned to be used as a barrier material in repositories for final storage
of highly radioactive spent nuclear fuel, where MX-80 is a suggested candiate. The clay
will act as an sealing buffer and should fulfill the following properties: (i) high swelling
capacity in order to seal itself around the canister and fill any cracks in the bedrock, (ii)
low hydraulic conductivity to minimize any mass transport to and from the canister in
order to protect it from corrosion and, in case a canister breaks, prevent any radioactive
substances to leak into the bedrock, (iii) appropiate plasticity and stiffness to retain
the canister in its position and reduce the force from any movements of the bedrock,
(iv) long-term stability, since the time period for the radioactive material to become
harmless to humans can be up to one million years, and (v) high thermal conductivity
to ensure rapid transfer of the heat generated by the decay of the radioactive material
(Karnland et al. (2006); SKB (2011)).
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2. Fundamental theory

2.1 Statistical mechanics and thermodynamics

Statistical mechanics aims to provide a molecular interpretation of equilibrium prop-
erties for macroscopic systems, where the approach is to derive the systems thermo-
dynamic properties from the statistical average of the systems microscopic properties.
Some of the thermodynamic properties are energy, volume, particle number, pressure,
temperature, and density, where the three former are extensive properties, and the three
latter are intensive properties. This section is intented to provide information for some
of the key concepts of statistical mechanics and thermodynamics, and for a more de-
tailed and in-depth description, the following references are recommended: Callen
(1985); Hill (1986).

2.2 Statistical thermodynamics

Thepart of statistical mechanics where the thermodynamic behaviour of large systems is
explained by extending the classical thermodynamics is known as equilibrium statistical
mechanics or statistical thermodynamics.

In a classical system, all the possible states are represented in the phase space. Thus, for a
system with N particles, the phase space is a 6N-dimensional space where each state is
represented by a vector describing the position (x, y, z), and the momenta (px, py, pz),
of allN particles. After a long time, when all of the phase space have been explored, and
there is no macroscopic flow of energy or matter, the system has reached thermodynamic
equilibrium. This refers to the first postulate of statistical mechanics: the (long) time
average of a mechanical variable in the thermodynamic system of interest is equal to the
ensemble average (the concept of an ensemble is explained in Section 2.3). Hence, a
certain property is expected to have a constant value at equilibrium if it is measured
over a long time.
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2.3 Thermodynamic ensembles

A central concept in statistical mechanics is the thermodynamic ensemble, which is an
imaginary collection of a very large number of systems, representing the set of all pos-
sible states of a system at equilibrium, where the average value measured over a long
time is equal to the ensemble average, according to the ergodic hypothesis. The systems
within an ensemble are equal at a thermodynamic level and differs at the microscopic
level, thus, the ensembles are classified according to the representative macroscopic
system.

The microcanonical ensemble represents the set of all possible states of an isolated sys-
tem. An isolated system is a completely disconnected system where there is no trans-
port of energy or matter in or out of the system, i.e. the number of particles (N ),
volume (V ), and total energy (U ) are constant. Thus, the second postulate of stat-
istical mechanics is valid for the microcanonical ensemble, which states that: for an
ensemble representative of an isolated thermodynamic system, the systems of the ensemble
are distributed uniformly with equal probability over the possible quantum states consistent
with the specified values N, V, U. This is also known as the principle of equal a priori
probabilities, i.e. all microscopic states consistent with the microcanonical constraints
is equally probable. The entropy (S) of the microcanonical ensemble is given by:

S = kB lnΩN,V,U . (2.1)

kB is the Boltzmann constant, andΩN,V,U is themicrocanonical partition function cor-
responding to the possible states for a constant number of particles, volume, and total
energy. The maximum of the entropy is found at equilibrium, and the systems ther-
modynamic properties, such as the temperature, and pressure, can be obtained if the
function of the entropy is known. An isolated system is usually not very interesting to
study from an experimental point of view. However, there are more useful ensembles,
like the canonical ensemble which is a closed and isothermal system, where the num-
ber of particles, volume, and temperature (T ) are constant. The canonical partition
function is defined as:

QN,V,T =
∑
i

ΩN,V,Uie
−βUi , (2.2)

where the sum is over all energy levels, and β = 1/(kBT ). There is also an ensemble
representing an open and isothermal system, called the grand canonical ensemble, where
the chemical potential (µ), volume, and temperature are constant. The grand canonical
partition function is defined as:
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Ξµ,V,T =
∑
i

QNi,V,T e
−βµNi , (2.3)

where the sum is over all number of particles. Another useful ensemble is the isobaric
ensemble, where the number of particles, pressure (P), and temperature are constant.
The isobaric partition function is defined as:

∆N,P,T =
∑
i

QN,Vi,T e
−βPVi , (2.4)

where the sum is over all volumes. The above mentioned ensembles are all utilized
in computer simulations, and it is possible to compare simulations with experimental
observation. For instance, from the canonical partition function, the average pressure
within the canonical ensemble can be calculated and compared with experimentally
measured swelling pressure from a closed test cell. By considering the probability, ρi,
of state with energy Ui defined as:

ρi =
e−βUi

QN,V,T
, (2.5)

the average pressure within the canonical ensemble, ⟨P ⟩, can then be found by:

⟨P ⟩ =
∑
i

Piρi , (2.6)

where the sum is over all states, and Pi = − δUi
δV is the pressure of the i:th config-

uration. Furthermore, the Helmholtz free energy has a similar connection within the
canonical ensemble as the entropy (Eq. (2.1)) within the microcanonical ensemble,
and is expressed as:

A = −kBT lnQN,V,T . (2.7)

At equilibrium, the Helmholtz free energy is minimized, and if the Helmholtz free
energy of the system is known, the average pressure can be calculated as:

⟨P ⟩ = −
(
δA

δV

)
T,N

. (2.8)
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Note that the equation above (Eq. (2.8)) and Eq. (2.6) are equivalent.

2.4 Classical statistical mechanics

For the calculation of the partition function in the classical approach, the set of states
at the quantum level is replaced by the classical continuum approach. For instance, the
classical version of the canonical partition function (Eq. (2.2)) is given by:

Qclass =
1

N !Λ3N

∫
V
e−βU(Γ)dΓ , (2.9)

where Γ is a 3N -dimensional vector describing the x, y, and z coordinates of particle N
in the system, U(Γ) is the systems potential energy as a function of the particles posi-
tions, Γ, and the integral is over the entire volume available to each particle. The kinetic
contribution of the system is integrated and included in the de Broglie wavelength, Λ.
The pressure in Eq. (2.6) can now be written as:

⟨P ⟩ =
∫
V P (Γ)e−βU(Γ)dΓ

ZN
, (2.10)

where ZN =
∫
V e−βU(Γ)dΓ is the configurational integral, and P (Γ) is the pressure as

a function of the particle positions, Γ.
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3. Molecular interactions

3.1 Intermolecular interactions

Themolecular interactions within a system can be divided into intra- and intermolecu-
lar interactions. The intramolecular interactions describe the interactions within a mo-
lecule, such as the chemical bonds, whereas the intermolecular interactions describe the
interactions between molecules or colloidal particles. The intricate balance between at-
tractive and repulsive forces are used to understand why colloidal dispersions are formed
under some circumstances and why flocculation occurs in other cases. Thus, the inter-
molecular interactions provide information about the structural and thermodynaim-
cal properties of a colloidal system. For large systems it is not possible to include all
particles when trying to capture the different behaviors. Hence, approximations and
simplifications are made. For instance, in a ‘realistic’ colloidal system, the colloidal
particles are dispersed in a solvent composed of a large number of particles, and to re-
duce the number of particles in the system the solvent is usually treated implicitly as a
continuum throughout space.

3.2 Coulomb interactions

The electrostatic interaction in vacuum between two isolated charged particles i and j
at a fixed distance, rij , is described by Coulomb’s law:

u(rij) =
qiqj

4πϵ0rij
, (3.1)

where qi is the charge of particle i, and ϵ0 ≈ 8.854· 10-12 C2/(Jm) is the permittivity
of vacuum. If the two particles are immersed in a polar solvent, e.g. water, the pair
interaction is then given by:
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βw(rij) = β
qiqj

4πϵ0ϵr(T )rij
=

lBzizj
rij

, (3.2)

where lB = βe2/(4πϵ0ϵr(T )) is the Bjerrum length, β =1/(kBT ) where kB is the
Boltzmann constant and T is the absolute temperature, e is the elementary charge,
zi = qi/e is the valency of particle i, and ϵr(T ) is the relative permittivity of the
solvent, which is dependent on the temperature (Israelachvili (2011)). In Eq. (3.2), the
interactions with the solvent molecules are averaged, i.e. the solvent is treated implicity,
and thus the pair interaction is a free energy. The Bjerrum length is the separation
between the two charged particles at which the electrostatic interaction is equivalent to
the thermal energy, kBT , and if the solvent is water, the Bjerrum length increases with
temperature due to the temperature-dependent relative permittivity.

3.3 Poisson-Boltzmann equation

The Poisson-Boltzmann (PB) equation describes, among other things, how colloidal
dipersions are formed from charged colloids and how the intermolecular electrostatic
interactions changes by additional salt. It is given by a combination of the Poisson’s
equation and the Boltzmann distribution according to:

ϵrϵ0∇Φ(r) = −
∑
i

qicie−βqiΦ(r) , (3.3)

where ∇ is the Laplace operator, Φ(r) is the mean electrostatic potential at position r,
and ci is the concentration of the ionic species i with charge qi. In the PB equation
a mean-field approximation is implemented, i.e. the true ion distribution is replaced
by its mean distribution, and the mean electrostatic potential is defined as the average
value of the potential distribution at each position in space over a long time. At low
electrostatic potential, the linearized PB equation is valid, and for a spherical geometry,
the solution of the interaction potential between two charged particles is:

βw(rij) = lBzizj
e−κrij

rij
. (3.4)

Here 1/κ is the Debye screening length, where κ2 = 4πlB
∑

i z
2
i ci (Evans & Wen-

nerström (1999)). From the linearized PB equation, the additional salt in a system
is described as the Coulomb’s law (Eq. (3.1)) multiplied with e−κrij , and thus, the
long-ranged electrostatic interaction between charged particles is effectively screened
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by salt. For an increase in salt concentration or the valency of the salt, the electrostatic
interaction becomes more short-ranged, i.e. the Debye screening length decreases (Fig
3.1).
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Figure 3.1: The Debye screening length (1/κ) as a function of salt concentration for a monovalent (blue dash-dotted
line) and a divalent (red dash-dotted line) salt.

Moreover, for a system with two equally charged surfaces in the salt-free case, i.e. only
counterions are present, the PB equation can be solved exactly. In this case, the osmotic
pressure, Π, is equal to the pressure, P , and given by the so-called mid-plane approach
(Evans & Wennerström (1999)),

ΠPB = PPB = kBTc(0) (3.5)

where c(0) = 2kBTs2ϵrϵ0/(zeh)2 is the counterion concentration at the mid-plane,
s represents a dimensionless parameter, i.e. s tan(s) = |σ|zeh/(2kBTϵrϵ0), h is
the separation between the charged surfaces, σ is the surface charge density which is
smeared out on each surface, and z is the valency of the counterions. According to the
PB equation, the pressure between two equally charged surfaces will always be positive,
resulting in a repulsive force. On the other hand, it is possible to obtain a negative
osmotic pressure, and thus, an attractive force at short separations between two highly
charged particles mediated bymultivalent ions if the ion-ion correlation forces are taken
into account (Jönsson &Wennerström (2001)). However, these are not included in the
PB equation.
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3.4 Coupling theory

The coupling theory is useful for understanding the interaction within a system of two
equally charged surfaces with respect to either weak or strong coupling (SC). In the limit
of weak coupling, i.e. long distances between the surfaces, low surface charge, and low
counterion valency, the PB equation is asymptotically exact. For the opposite limit,
i.e. short distances between the surfaces, high surface charge, and high counterion
valency, the SC theory is asymptotically exact. The limits can be found by considering
the coupling parameter,

Ξ = 2πz3l2Bσs , (3.6)

where σs is the surface charge number density. The PB equation is valid for small
values of Ξ and the SC theory is valid for Ξ → ∞, i.e. the SC limit. Moreover, the SC
theory is valid if the lateral distance, α, between the ions is greater than the separation,
h, between the surfaces, i.e. h < α, where the ions almost move independently along
the vertical direction due to the strong ion-ion correlation forces (Fig. 3.2a) (Netz
(2001)). The PB equation is valid in systems where each ion interacts with a diffuse
cloud of other ions (Fig. 3.2b).

h

α

(a)

h

(b)

Figure 3.2: Schematic illustration of two charged surfaces (represented as horizontal black lines) mediated by coun-
terions (represented as cyan spheres). (a) The lateral distance, α, between the ions is greater than the separ-
ation, h, between the charged surfaces. (b) The charged surfaces attract two separate layers of counterions,
where the lateral distance between the ions is small. (Jansson et al. (2018))

3.5 Short-ranged interactions

In addition to the long-ranged electrostatic interactions, particles also exhibit short-
ranged interactions. The principle of the short-ranged interactions implies that two
interacting particles repel each other at close distances. This originates from the Pauli
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exclusion principle which states that two or more identical electrons can not occupy
the same quantum state. The hard-sphere (HS) potential and the truncated and shifted
Lennard-Jones (TLJ) potential are two simple potentials that describe this interaction
(Fig. 3.3). The hard-sphere potential between two particles i and j is defined as:

u(rij) =

{
+∞ if rij < σij

0 otherwise
, (3.7)

where σij = (di+dj)/2, and di is the diameter of particle i. The truncated and shifted
Lennard-Jones potential is strictly repulsive and defined as:

u(rij) =

{
ϵ
(
(
σij

rij
)12 − 2(σij

rij
)6 + 1

)
if rij < σij

0 otherwise
, (3.8)

where ϵ determines the strength of the interaction. Moreover, there is also an attrac-
tion between the particles which is described by the van der Waals forces. These are a
collection of interactions proportional to r−6 and originates from (i) the Keesom force
for the rotational average between two dipoles, (ii) the Debye force for the rotational
average between a dipole and a corresponding induced dipole, and (iii) the London dis-
persion force considering the instantaneous induced dipole. By combining the Pauli
exclusion principle with the van der Waals forces, the Lennard-Jones (LJ) potential is
obtained and defined as:

u(rij) = 4ϵ
(
(
σij
rij

)12 − (
σij
rij

)6
)

. (3.9)

The minimum value of the potential is found at rij = 21/6σij (Fig. 3.3). The the-
ory of describing the electrostatic interactions with the linearized PB equation and the
short-ranged interactions with the van der Waals forces is known as the DLVO-theory
(Derjaguin & Landau (1941); Verwey & Overbeek (1948)).
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Figure 3.3: An comparison between the short-ranged interaction potentials, with ϵ = 1 kBT and σ = 1 nm, for the
hard-sphere (HS) potential (green solid line), the truncated and shifted Lennard-Jones (TLJ) potential (blue
dashed line), and the Lennard-Jones (LJ) potential (red dash-dotted line).
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4. Simulation techniques

4.1 Coarse-grained modeling

In a coarse-grained model, the description of a system is simplified by reducing the
number of degrees of freedom, thereby reducing the complexity of the system. The
advantage of this approach is that it is possible to study large-scale systems at a reduced
computational cost, in contrast to atomistic models. On the other hand, it is usually
not possible to obtain a quantitative agreement with experiments. Instead, a qualitat-
ive correspondence can be captured where the overall trends can be understood. To
represent a colloidal particle as an coarse-grained model, a set of atoms is replaced by
a coarse-grained site, where the resolution of the model depends on the number of
atoms within the set. Bonded interactions, like harmonic stretching potentials and/or
harmonic angle potentials, are used to connect the sites with each other and maintain
their shape. The interactions between the coarse-grained sites consists of non-bonded
effective pair-potentials, where the parameters have been chosen from either a more
detailed model and/or experimental data.

The coarse-grained models used in this thesis are at the level of the primitive model
(Linse (2005)), i.e. all of the charged species are treated as charged hard or soft spheres,
and the solvent is treated implicity through the relative permittivity and regarded as
temperature dependent.

4.2 Clay platelets and ions

The clay platelets have been described with two different coarse-grained models in this
thesis. In the first model, two negatively charged planar surfaces are used to mimic
two parallel clay platelets. The surfaces have a uniform charge with a surface charge
density σ, and are neutralized with mobile counterions with a diameter of 0.4 nm
(Fig. 4.1). The system takes into account both ion-surface interactions and ion-ion
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pairwise interactions, where the latter is described by a combination of Eq. (3.2) and
Eq. (3.7). The simulation box is finite with length L in the directions parallel to the
surfaces and the surfaces are separated by a distance h, hence, the volume is equal to
V = hL2. Periodic boundary conditions are implemented for the ions, i.e. if an ion
moves outside the box (x > L/2) in the direction parallel to the surfaces, the ion will
reappear at x = x− L. The distance between two ions is calculated by the minimum
image convention, i.e. if rx > L/2 then rx = |rx − L|. Moreover, the long-ranged
interactions outside the box is accounted for by implementing an external potential.

Figure 4.1: A schematic illustration of the first model. Two parallel clay platelets are coarse-grained as two negatively
charged planar surfaces with surface charge density σ (represented as the two vertical black lines), and
neutralized by mobile counterions (represented as cyan spheres). Themid-plane is represented as the dashed
black line.

For the second model, a clay platelet is represented as a finite hexagonal monolayer of
connected coarse-grained spheres, denoted as sites (Fig. 4.2). The volume fraction of
the system is defined as:

ϕ =
4πr3NpNs

3V
, (4.1)

where r = 0.5 nm is the radius of a site,Np is the number of platelets,Ns is the number
of sites per platelet, and V is the volume of the simulation box. A total electrical
charge of Qp unit charges is equally distributed among the sites, where each site holds
Qs = Qp/Ns unit charges, located in the center of the site. The surface charge density
is estimated from an infinite plane of sites arranged in a hexagonal pattern, i.e. σs =
Qs · 2√3 . All adjacent sites within the platelet are connected by a harmonic bond-
stretching potential,
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ub(rij) =
1
2
kb(rij − b)2 , (4.2)

where kb is the force constant, rij is the separation between site i and j, and b = 1 nm is
the equilibrium bond length. Furthermore, the flexibility of the platelet is constrained
by an harmonic bending potential between triplets of bonded sites,

ua(θijk) =
1
2
kθ(θijk − θ0)2 , (4.3)

where kθ is the force constant, θijk is the bond angle between the sites i, j and k, and
θ0 = π.

Figure 4.2: A schematic picture of the second coarse-grainedmodel. The clay platelet is represented as a finite hexagonal
monolayer of connected charged spheres (grey plate), the mono-, and divalent counterions are modeled as
freely moving charges (white and green spheres), and the cubic simulation box is defined as the blue box.

The counterions are modeled as freely moving charges with a diameter of 0.4 nm, and
the platelet charge is neutralized by either mono-, and/or divalent cations. In Paper i,
the fraction of divalent counterion charge ratio was defined as:

ηDi =
2NDi

2NDi +NMon
, (4.4)

where NMon, and NDi is the number of mono-, and divalent counterions respectively.
All of the particles within the system, except adjacent platelet sites, interact pairwise by
combining Eq. (3.2) with Eq. (3.7) or Eq. (3.8).
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4.3 Simulation methods

In classical statistical mechanics, the most commonly used simulation methods are
Monte Carlo (MC) and Molecular Dynamics (MD) simulations. The advantage by
using simulations over analytical solutions obtained from theory is that the latter con-
tains a large number of approximations and are limited to small and simple systems.
However, the disadvantage is that if the model is too complex and involves to many
parameters, it can be hard to gain the physical insight of the system. The difference
betweenMD andMC simulations can be explained by consider the ergodic hypothesis;
(i) the average value of a certain property after a long time is equal to (ii) the ensemble av-
erage. The former, (i), is considered in MD simulations, where the dynamics of the
system is captured due to that the particles move according to Newton’s law of motion,
and hence, the average value of a property is found after a long time. The latter, (ii),
is described by the MC simulations, where the concept of time is absent and instead
a large number of configurations are considered within the ensemble, and the average
value of a property is found by the ensemble average.

4.4 Monte Carlo simulations

For Monte Carlo, the system is described from the ensemble average. The straightfor-
ward MC technique is the random sampling or brute force MC, where the particles
coordinates are randomly chosen for a large set of configurations. The disadvantage
with this approach is that it is very inefficient for dense systems, since the majority
of the generated configurations will not contribute significantly to the average. For a
randomly generated configuration in dense systems, there is a high probability that the
coordinates of the particles will overlap. This will increase the energy of the configur-
ation due to short-ranged repulsive interactions, and thus, the total energy of a dense
system will be above kBT , i.e. e−βU(Γ) ≫ 1. A more efficient and robust approach
is to implement importance sampling, in which the majority of the configurations are
sampled in the region of space where it will contribute significantly to the average. One
of the most recognized importance sampling techniques is the Metropolis method.

4.4.1 Metropolis method

TheMetropolis method (Metropolis et al. (1953); Allen&Tildesley (1989)) is a sampling
method in Monte Carlo simulations for dense and more complex systems. The gen-
erated configurations are proportional to the Boltzmann weight and described by the
probability density, ρ = e−βU(Γ)/ZN , where Γ is the probability coordinates of the
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configuration. For a system to reach equilibrium, the criterion of detailed balance is
introduced,

ρoπo→n = ρnπn→o , (4.5)

where πo→n, and πn→o are the transition probability densities from the old to the
new configuration, and vice versa. In the Metropolis scheme, the detailed balanced is
fulfilled by the following condition:

πo→n =

{
γo→n if ρn ≥ ρo

γo→n · α if ρn < ρo
, (4.6)

where γo→n = γn→o describes a symmetric random trial move, and α is the acceptance
ratio from an old to a new configuration. The trial moves in MC simulations have no
physical meaning, and there is a vast number of trial moves optimized for different type
of systems. For instance, the single particle displacement is a trial move where a single
particle is chosen randomly and translated or rotated randomly. For translation of a
single particle, the random trial move describes the uniform probability of the particle
movement in any direction within a maximum allowed distance. The symmetry arises
from that the probability of finding a certain new position is equal to find the old pos-
ition when the particles are at the new positions. By rewriting Eq. (4.5) the acceptance
ratio is described as:

α =
πo→n

πn→o
=

ρn
ρo

=
e−βU(Γn)

ZN

ZN

e−βU(Γo)
= e−β(U(Γn)−U(Γo)) . (4.7)

The advantage with theMetropolis method is that unphysical moves are possible. How-
ever, the disadvantage is that a new configuration can only be generated if the previ-
ous configuration is known. Thus, an initial configuration of the particle positions is
needed, where the geometry and boundary conditions of the system are defined. The
following steps can be used to describe the method,

1. A random trial move is selected.

2. A random particle or set of particles as required by the trial move is selected and
the move is performed to generate a new configuration.

3. The acceptance ratio is calculated and the new configuration is accepted if α ≤
1 (when ρn ≥ ρo) or α > R (when ρn < ρo), where R is a random number
between zero and one, otherwise the new configuration is rejected.
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4. The observables of interest is sampled when the system has reached equilibrium.

5. The scheme is repeated from step 1.

4.5 Molecular dynamics simulations

In molecular dynamics simulations the particles of the system move according to New-
ton’s laws of motion. The advantages with MD is that it captures the dynamics of the
system. Furthermore, parallelization is straightforward and the algorithms are univer-
sial for most type of systems. The disadvantage, however, is that it takes a long time
for the system to cross energy barriers much larger than kBT, and it requires that in-
teraction forces are continuous for most MD packages (e.g. GROMACS (Pronk et al.
(2013); Abraham et al. (2014))).

Newton’s second law of motion states that the force F acting on a particle is equal to
the product of the particles mass m and acceleration a, i.e. F = m a, assumed that the
mass is constant. For a system with many particles, the force acting of particle i at time
t is:

Fi(t) =
∑
j ̸=i

∇uij(|ri(t)− rj(t)|) = −
∑
j ̸=i

∇uij(rij(t)) , (4.8)

where the sum is over all particles except particle i itself, ri(t) is the position of particle i
at time t, and uij(r) is the pair potential between particles i and j. For numerical integ-
ration of the equation of motion, the Velocity Verlet algorithm can be used, where the
particles inital position and velocity at time t is defined. The Velocity Verlet algorithm
can be described in the following steps,

1. The particles position at time t + δt is calculated according to:

r(t+ δt) = r(t) + v(t)δt+
a(t)
2

δt2 , (4.9)

where δt is the timestep, a(t) = F(t)/m is the acceleration obtained from Eq.
(4.8), v(t) is the velocity, and r(t) is the position of the particle.

2. a(t + δt) is calculated for the particle position r(r + δt).

3. The velocity of the particle at time t + δt is calculated as:

v(t+ δt) = v(t) +
a(t) + a(t+ δt)

2
δt . (4.10)
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4. The algorithm is repeated from step 1 to find the position of the particles at time
t + 2δt.

In MD integrators, the number of particles, the volume and the energy of a system
are conserved if the timestep, δt, is small enough, i.e. it represents the microcanonical
ensemble. For simulations of a system within the canonical or isobaric ensemble, ther-
mostats (Berendsen et al. (1984); Nosé (1984); Hoover (1985); Bussi et al. (2007)) and
barostats (Parrinello & Rahman (1981); Nosé & Klein (1983); Berendsen et al. (1984))
are implemented. For amore detailed description of themethods the reader are refeered
to the above mentioned references.

4.6 Boundary conditions

For simulations to represent a ‘realistic’ system, the simulation box has to contain a great
number of particles which would be too complex to simulate, and also too expensive
with respect to the computational resources available. To circumvent this issue, some
type of boundary conditions are necessary to implement to limit the size of the system.
For instance, periodic boundary conditions are a set of boundary conditions where a large
system is approximated by a small model system, i.e. a unit cell. The periodicity ensures
that the system is unaffected at the boundaries, and the conditions mimics the presence
of an infinite bulk surrounding the unit cell. For a cubic simulation box, the periodic
boundary conditions implies replicates of the cubic unit cell in all directions, yielding a
periodic infinite lattice throughout space (Fig. 4.3). The replicates are identical images
of the unit cell, hence, if a particle moves outside the unit cell, one of its images will
enter the unit cell from the opposite face.
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Figure 4.3: A schematic illustration of a system with periodic boundary conditions where all particles are located in
the central cubic unit cell which is replicated in all directions. Applying minimum image convention
corresponds to a cubic cut-off represented as the red box.

4.7 Minimum image convention

For a system with periodic boundary conditions the cubic unit cell is placed in an ima-
ginary infinite lattice of images. By considering all the interactions within the system it
would result in an infinite sum due to that the system is composed of an infinite num-
ber of particles. To restrict this, an approximation over the possibility of truncating the
potentials is made by applyingminimum image convention. The approach of minimum
image convention states that each particle only interacts with the closest image of the
other particles, and thus, corresponds to a cubic cut-off (Fig. 4.3).
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5. Experimental methods

5.1 Bentonite clay - purification and cationic exchange

The type of raw clay used in this thesis was MX-80, a bentonite from Wyoming,
Montana and/or South Dakota in the USA. This clay is mainly composed of the swell-
ing clay mineral montmorillonite with sodium (Na+) ions as natural dominating coun-
terion.

Purification of raw bentonite clay is necessary to ensure that the majority of the access-
ory minerals (e.g. feldspars, quartz, gypsum, calcite and pyrite), are removed. This can
be achieved by dispersing the raw clay in deionized water for at least one day to allow
the larger particles ( > 2 µm) to sediment, and afterwards recover the supernatant. For
the cationic exchange, the clay is washed three times with a salt solution of either 1
M NaCl, or 0.5 M CaCl2 in order to exchange the counterions to sodium or calcium,
respectively. To remove the excess salt, the clay suspension is dialyzed in a large reser-
voir of deionized water, which is frequently replaced until the electrical conductivity is
stabilized below 10 µS/cm.

The purification and cationic exchange of MX-80 were adapted for the studies in both
Paper i and Paper ii, in which the clay is denoted X-montmorillonite and X-mmt,
respectively, where X is either Na+ or Ca2+, and mmt is the abbreviation of montmor-
illonite.

5.2 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is a technique appropriate to study the microstruc-
ture of systems of the colloidal scale. For clay systems, the information extracted from
SAXS is usually the platelet size, the interlayer distance between the platelets, the size
of the aggregates, i.e. the number of clay platelets per aggregate, and the fractal dimen-
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sions. The principle of the SAXS technique is that a coherent monochromatic beam of
X-rays with wavelength, λ, is sent through a sample with an incident wavevector, ki,
and the outgoing scattered beam has wavevector ks. The scattering intensity, I(q), is
recorded as a 2D interference pattern on a detector, and is represented as a function of
the magnitude of the scattering vector q, where q = |q| = |ks − ki| = 4π sin(θ)/λ,
and 2θ is the scattering angle (Glatter & Kratky (1982)). The technique is schematic
illustrated in Fig. 5.1.

Scattered X-ray

Transmitted X-ray

2θ
q

Detector

Sample

Incident X-ray

Figure 5.1: A schematic illustration of the SAXS technique and themain components. An incident beam is sent through
a sample, the scattering angle between the transmitted and the scattered beam is denoted 2θ, and the
corresponding q-vector is shown on the 2D detector.

The scattering intensity for systems with spherical particles can be divided into two
separate functions, the form factor P (q), and the structure factor S(q), according to
I(q) ∝ P (q)S(q). The form factor contains information about the average particle
size and shape, and the structure factor describes the distances between the particles,
and the intermolecular interactions in the system. For dilute systems, the form factor
can be extracted since S(q) ≈ 1, and once the form factor of the system is known, the
structure factor for more dense systems can be determined provided that the form factor
is concentration independent (Schnablegger & Singh (2017)). For anisotropic particles,
such as clay platelets, the decomposition of the scattering intensity is an approximation,
and a more accurate description of the system can be performed by comparing the
experimental scattering intensity with the calculated total structure factor (Gutiérrez &
Johansson (2002)) from computer simulations.

For the structural configuration of stacked platelets, where the clay platelets aggregate
in a face-to-face configuration, Bragg peaks are present in the SAXS spectra due to
the periodicity of the system, which arises from the equdistant separation between the
platelets. The interlayer distance can be determined from Bragg’s law: d = 2π/qmax,
where qmax is the position of q at the maximum intensity of the Bragg peak (Schnab-
legger & Singh (2017)). Moreover, the full width at half maximum (FWHM) of the
Bragg peak is related to the size of the aggregates, which is determined from the aver-
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age number of platelets per tactoid, ⟨N⟩, according to the Scherrer equation (Patterson
(1939)):

⟨N⟩d =
Kλ

∆θ cos(θ)
, (5.1)

where K ≈ 0.9 is the Scherrer constant, ∆θ = θ2 − θ1 is the FWHM of the Bragg
peak between the angles θ1 and θ2, and 2θ is the Bragg angle. For small angles, the
FWHM of the Bragg is ∆θ ≈ sin(θ2) − sin(θ1) and the Scherrer equation can be
approximated as,

⟨N⟩ ≈ qmax

2π(sin(θ2)− sin(θ1))/λ
=

qmax

(∆q)/2
=

qmax

w
. (5.2)

Here the Scherrer constant is set to one, and∆q = 2w is the FWHM in units of nm-1.
The method used to estimate the FWHM of the Bragg peak was to fit a Lorentzian
function to the structure factor, where it is assumed that the scattering intensity can be
divided into P (q) and S(q). Also, the form factor is approximated to be P (q) ∝ q-2,
and the data was fitted between qmax = ± 0.5 nm-1 (Segad (2013); Thuresson et al.
(2016)),

q2I(q) ∝ w

(q − qmax)2 + w2 + b , (5.3)

where b is a fitting parameter for the background contribution. This method can de-
scribe the size of the aggregate for clay platelets with a large aspect ratio and with relative
narrow Bragg peaks. Hence, this method has proven to be accurate for montmorillonite
clay.

5.3 Swelling pressure in a test cell

The swelling pressure, or the net osmotic pressure, of clay in water and different solvent
compositions can be directlymeasured using a test cell (Karnland et al. (2006); Birgersson
et al. (2010)). The experimental setup and a schematically depicted test cell are shown
in Fig. 5.2. The clay, with a mass of approximately one gram, is placed inside a cyl-
indrical cell with a radius of 1 cm and enclosed by two semi-permeable membranes at
the top and bottom of the cell. The function of the semi-permeable membranes is that
the water and ions are allowed to freely diffuse between the two compartments while
the clay is retained. Then, the clay is confined in a predefined volume by a piston,

25



which is attached to a force transducer, and the clay is set to equilibrate with water
or the solvent composition of interest by slowly circulating the bulk solution through
the test cell via the connected tubes. From the recorded force, F, and the area of the
cell, A = 0.012π m2, the swelling pressure of the system is calculated as P = F/A
N/m2. By measuring the force over time, it is possible to find a stable value of the
swelling pressure for the clay sample with a certain solvent composition, where the clay
is assumed to be in equilibrium with the bulk.

(a)

circulating 
bulk solution

force 
transducer

clay sample

(b)

Figure 5.2: (a) The experimental setup of a swelling pressure measurement, and (b) a schematic illustration of the test
cell (Karnland et al. (2006))

After the measurement, the water content, w = mw/ms, of the clay sample is de-
termined, wheremw, andms is the mass of the water, and solid, respectively, by disas-
sembling the test cell and measure the total mass mtot = mw +ms. The clay sample
is then dried in an oven at around 100◦C for 24h to recover the mass of the solid.
Furthermore, from the density of the clay (montmorillonite), Ds = 2750 kg/m3, and
the density of water, Dw = 1000 kg/m3, the dry density of the clay can be calculated
fromDd = ms/Vtot = Dw/(w+Dw/Ds), and the volume fraction is ϕ = Dd/Ds

(Karnland et al. (2006)).
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6. The research

6.1 Main results of the research papers

A short summary of the main results of each paper is presented below.

6.1.1 Paper i: Temperature Response of Charged Colloidal Particles byMix-
ing Counterions Utilizing Ca2+/Na+ Montmorillonite as Model Sys-
tem

In the first paper, the osmotic pressure and the aggregation of charged colloids as a
function of temperature were investigated by using coarse-grained molecular dynam-
ics bulk simulations, and Monte Carlo simulations of two infinite parallel surfaces for
different ratios of mono- and divalent counterions. The model system was Ca2+/Na+-
montmorillonite, and the different counterion charge ratios were obtained by success-
ively exchanging the sodium ions with calcium ions. It was found that the temperat-
ure response can be controlled, and that the electrostatic interactions alone can give a
positive, negative, or constant osmotic pressure response with temperature, depending
on the counterion charge ratio. The increase in osmotic pressure with temperature,
which occurs at a low fraction of divalent counterions, can be explained by the DLVO-
theory, and the origin of the opposite behavior can be explained by the enhanced at-
tractive electrostatic ion-ion correlation interactions with temperature. Moreover, the
microstructural characterization of Ca2+/Na+-montmorillonite at different counterion
charge ratios was studied by SAXS, where the theoretical predictions of the temperature
response are in qualitative agreement with the experimental data, indicating that the
models can explain the underlying physics.
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Figure 6.1: (a) Number of platelets per tactoid as a function of divalent counterion charge ratio in percent, and (b)
illustrative representations of the structure for the systems with 0, 90, and 100 fraction of divalent ions.

6.1.2 Paper ii: The Effect of the Relative Permittivity on the Tactoid Form-
ation in Nanoplatelet Systems. A Combined Computer Simulation,
SAXS, and Osmotic Pressure Study

In the second paper, the structural and swelling properties of sodium and calcium sat-
urated montmorillonite (Na-, and Ca-mmt) were studied as an effect of decreasing the
relative permittivity of the solvent by using water and ethanol mixtures. The exper-
imental techniques, SAXS and osmotic pressure measurements in combination with
coarse-grained molecular dynamics bulk simulations, Monte Carlo simulations of two
infinite parallel surfaces, and the strong coupling theory were utilized. For Na-mmt, it
was found, both experimentally and theoretically, that tactoids were formed when de-
creasing the relative permittivity of the solvent, indicating that it is possible to tune the
electrostatic interactions to obtain a transition from a repulsive to an attractive system
via the solvent properties. This effect arises from the increase in Bjerrum length and can
be qualitatively explained by the coupling parameter, where the decrease in the relative
permittivity gives rise to a stronger coupling, and thus, the attractive ion-ion correla-
tion forces are enhanced. Moreover, for Ca-mmt, a non-monotonic swelling behavior
was captured experimentally, where the osmotic pressure and the interlayer distance
between the platelets first increased and then decreased as a function of the relative
permittivity of the solvent. The former indicates that repulsive short-ranged interac-
tions dominate in the system, and the latter implies that ion-ion correlation forces are
of importance. Theoretically, the non-monotonic behavior could not be captured with
the continuummodel, probably due to the limitation that the electrostatic interactions
solely enters the Hamiltonian via the Bjerrum length.
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(a) (b)

Figure 6.2: (a) The osmotic pressure response of Na+-montmorillonite, with illustrative configurations corresponding
to 95 (left), and 0 (right) wt ethanol. (b) The osmotic pressure response of Ca2+-montmorillonite, where
the black box represents the limitation regime of the continuum model, and the illustrative configurations
correspond to 0 (left), 20 (middle), and 95 (right) wt ethanol.

6.2 Conclusion and outlook

The overall objective in this thesis have been to try to understand the tactoid formation
in the clay mineral montmorillonite with respect to the divalent counterion charge ra-
tio and the temperature, as well as an effect of the relative permittivity of the solvent.
The structure and swelling have been investigated theoretically by coarse-grained simu-
lations of negatively charged platelets and surfaces, representing the clay platelets, and
experimentally with small angle X-ray scattering and swelling pressure measurements
in a test cell. The purpose of the simulations have been to try to connect theory with
experimental findings where the focus has been on the electrostatic interactions within
the system. My continued research will build on these findings, and also expand into
the development of a more ‘realistic’ coarse-grained model of clay platelets where plate-
lets with anisotropic charge, i.e. negative surface charge and positive edge charge, will
be implemented. Furthermore, the structural response of clay dispersion upon addition
of charged polymers will be investigated, where it is suggested that the charged polymer
will promote aggregation, depending on it size and charge. These systems are of great
interest to study from a clinical perspective, since clay has been suggested as a candidate
for drug delivery. Hence, the overall goal is to obtain a deeper understanding of the
intermolecular interactions and the structural properties for the tactoid formation of
clay with additional charged polymers.
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Temperature Response of Charged Colloidal Particles by Mixing
Counterions Utilizing Ca2+/Na+ Montmorillonite as Model System
Axel Thuresson,*,† Maria Jansson,† Tomaś S. Plivelic,‡ and Marie Skepö*,†

†Theoretical Chemistry and ‡MAX IV Laboratory, Lund University, SE-221 00 Lund, Sweden

ABSTRACT: The osmotic pressure and the aggregation of charged
colloids as a function of temperature have been investigated using
Monte Carlo and molecular dynamics simulations for different ratios of
monovalent and divalent counterions. In the simulations the water is
treated as a temperature-dependent dielectric continuum, and only the
electrostatic interactions are considered. It was found that the
temperature response can be controlled, i.e., the osmotic pressure can
increase, decrease, or be kept constant, as a function of temperature
depending on the monovalent/divalent counterion ratio. The increase in
osmotic pressure with temperature, which occurs at low enough surface
charge density and/or low fraction of divalent ions, can be understood
from the DLVO theory. The origin of the opposite behavior can be
explained by the enhanced attractive electrostatic ion−ion correlation
interactions with temperature. The constraint is that the absolute value
of the surface charge density of the colloids must be above a certain threshold, i.e., high enough such that the attractive ion−ion
correlations can dominate the interaction regarding the divalent ions. The current conclusions are supported by the
microstructural characterization of Ca2+/Na+-montmorillonite clay using small-angle X-ray scattering. A qualitative agreement is
observed between the simulations and the experimental data.

■ INTRODUCTION
When a charged colloid is dissolved in aqueous or polar
solvents, the macromolecule becomes ionized, and there will be
a release of counterions. Since macromolecules usually are
highly charged, there will be counterions that confer enormous
entropies of mixing. The counterions will form an electrical
double layer, where the first layer is the surface charge of the
macromolecule, and the second layer is composed of oppositely
charged ions screening the first layer. Upon addition of
multivalent ions to a system comprising monovalent counter-
ions, there will be an ionic exchange in the double layer, and
monovalent counterions will be released. With monovalent
counterions in the system solely, the electrostatic interaction
between the particles is repulsive, whereas when multivalent
counterions are introduced, the interaction can be attractive
due to the electrostatic ion−ion correlation effects. The latter is
only valid under the constraint that the surface charge density is
above a certain threshold.1−8

The above given mechanisms along with the charge
distribution, the volume, the size, and the shape of the
macromolecule, as well as the hydrophobic interactions, are the
parameters that primarily determines the physicochemical
properties of macromolecular solutions.
The model system of this study is montmorillonite, although

we would like to emphasize that the obtained results are
generally valid. Swelling 2:1 clay minerals consist of platelets
with a thickness of about 1 nm and lateral dimensions varying
from 25 nm in synthetic Laponite clays up to 1000 nm in
natural montmorillonite. When water is added, the clay

platelets become ionized, and the rising osmotic pressure in
the solution causes the clay to swell.9−11 Depending on the size,
the platelets can form a lamellar structure, making it a
seemingly perfect model system for an electrical double layer,
where the swelling and the stability in saline solution depend
strongly on the counterion valency and the surface charge
density.12−14 The situation is however, from a structural point,
slightly less ideal. Clay is normally not a homogeneous lamellar
material; it might better be described as a disordered structure
of stacks of platelets, also denoted tactoids.15−17

Experimentally18 and theoretically,19 it has been found that
for mixtures of Ca2+/Na+-montmorillonite (with ∼20% sodium
or more) the clay is behaving qualitatively as Na+-montmor-
illonite. Recently, it has also been shown that the swelling
pressure of the clay mineral in aqueous solution, as a function
of temperature, can be understood from electrostatic ion−ion
correlation interactions.20 In an aqueous clay dispersion
dominated by monovalent counterions, the swelling pressure
increases with temperature due to entropic reasons, whereas in
a clay with predominantly divalent counterions, the opposite
behavior was found. The explanation is that the ion−ion
correlations increase with temperature since the product ϵrT
decreases, i.e., the dielectric permittivity multiplied with
temperature. The latter is an effect of the fact that ϵr drops
when T increases. The aim of this study is to investigate the
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possibility to control the osmotic pressure response with
temperature of charged colloidal particles by varying the ratio of
monovalent/divalent counterions in the system.
For this purpose a coarse-grained model has been used, and

the simulations assume that the solvent can be represented as
an uniform temperature-dependent dielectric permittivity. The
limitations of the model are that: (i) it does not explain the
extralamellar swelling19 that is found for homoionic Ca2+-
montmorillonite nor, (ii) the reverse swelling pressure trend
with temperature for Na+-montmorillonite, i.e., when the
average distance between the platelets is smaller than 1 nm.
The former is to the authors knowledge not well understood,
and the latter is due to the fact that the water is represented by
the dielectric permittivity of bulk water.20,21 The theoretical
predictions are verified by small-angle X-ray scattering (SAXS)
data, and a good qualitative correspondence is achieved.

■ MATERIALS AND METHODS
Experimental Details. Material and Sample Preparation.

In this study, Wyoming Bentonite (MX-80), which consists
mainly of the swelling clay mineral sodium montmorillonite,
has been used. Sodium saturated montmorillonite from MX-80
has the chemical formula:22

+(Al Mg Fe Ti )(Si Al )O (OH) , 0.65Na3.1 0.49 0.38 0.01 7.89 0.11 20 4

(1)

The thickness and the average lateral size of the montmor-
illonite platelets are approximately 1 and 250 nm, respec-
tively.23 The purification and ion exchange procedures for MX-
80 are described elsewhere.24 Analytical grade sodium chloride
(purity, 99.5%) and calcium chloride (purity, 99.5%) were
purchased from MERCK. The purified Na+- and Ca2+-
montmorillonite were dried at 105 °C overnight and milled
into a fine powder. The clay powder from respective clay were
mixed in different proportions to obtain different fractions of
calcium (divalent) counterion charge that is neutralizing the
clay:

η =
+

≈
+

−

− −

m

m m
N

N N
2

2Di
Ca clay

Ca clay Na clay

Di

Di Mon (2)

where mCa−clay is the mass of Ca
2+-montmorillonite and mNa−clay

is the mass of the Na+-montmorillonite, whereas NMon and NDi
are the number of monovalent and divalent counterions,
respectively. An excess of Millipore water was added to the
mixed clay powder such that the counterions could diffuse and
equilibrate within the sample for 24 h. All the Ca2+/Na+-
montmorillonite mixtures were dried at 105 °C overnight and
milled into a fine powder. Finally, Millipore water was added to
each mixture in order to obtain a water mass ratio equal to six,
and the samples were set to equilibrate for one month. w = 6
corresponds to a clay volume fraction ϕc ≈ Dw/(Dcw + Dw) =
6%, where Dc = 2750 kg/m3 is the density of the clay18 and Dw
= 1000 kg/m3 is the density of water.
SAXS. SAXS experiments were performed at beamline ID02

at the European Synchotron Radiation Facility (ESRF) in
Grenoble, France.25 The q-range in the measurements was 0.2
< q < 4.5 nm−1, where q = 4π sin(θ)/λ, 2θ is the scattering
angle, and λ = 0.1 nm is the monochromatic beam wavelength.
The detector was a 2D CCD Raynomix MX 170 HS with
binning 4 × 4. For data reduction, the software SAXSutilities26

was used. The montmorillonite samples were measured in 1
mm sealed glass capillaries, and the background scattering

(water) was subtracted. SAXS measurements were collected at
different temperatures: 5, 25, 55, and 90 °C. The thermalization
time of each temperature was 12 min.
In order to estimate the size of the aggregates, i.e., the

average number of clay platelets per aggregate, a model
scattering peak has been fitted to the experimental data. The
scattering function was approximated with a Lorentzian line
shape:

∝
− +

+q I q
w

q q w
b( )

( )
2

max
2 2

(3)

where I(q) is the scattering intensity, b is a fitting parameter for
the background contribution, and w is a measure of the width.
The full width at half-maximum (fwhm) of the peak is equal to
2w, and the average tactoid size can be expressed as ⟨N⟩ ≈
qmax/w.

24,27,28 The data was fitted between qmax ± 0.5 nm−1, in
order to make the peak fitting procedure as reasonable as
possible.

Model and Simulations. Bulk Simulations. The inter-
action potentials and the platelet description are given
elsewhere.29 The electrostatic potential between particle i and
j is defined as:

β =u r T
l z z

r
( , )ij ij

i j

ij

EL B

(4)

where β = 1/(kBT), kB is the Boltzmann constant, lB = e2/
(4πϵ0ϵr(T)kBT) is the Bjerrum length, e is the elementary unit
charge, ϵ0 is the permittivity of vacuum, zi is the valency of
particle i, and rij is distance between the particles. The solvent,
i.e. the water molecules, is treated as a temperature-dependent,
T, uniform dielectric permittivity, ϵr(T), with experimentally
measured values of the dielectric permittivity of water.30 The
electrostatic interactions are enhanced as a function of
temperature; i.e., the Bjerrum length increases as shown in
Table 1. A truncated and shifted Lennard-Jones (TLJ) potential

has been used to represent the excluded volume of all particles
in the system and is defined as:
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(5)

where σij = (σi + σj)/2, σion = 4 Å, and σsite = 10 Å. This
potential has been chosen to be temperature independent and
the strength of the short-ranged potential was set to ϵ = kB·298
J. Hence, the distribution of uncharged particles behaves
independently of the temperature, with the aim to study the
electrostatic effects solely.
The bulk molecular dynamics (MD) simulations were

performed with the software package GROMACS (version
5.0.4).31 Fifty negatively charged platelets with their corre-

Table 1. Bjerrum Length as a Function of Temperaturea

T (°C) T (K) ϵr(T) lB (nm)

5 278.15 85.76 0.700
25 298.15 78.30 0.716
95 368.15 57.01 0.796

aThe Bjerrum length, lB, at three different temperatures, T, and given
dielectric permittivity, ϵr(T).
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sponding counterions were placed into a cubic simulation box
with three-dimensional periodic boundary conditions. The
platelets consist of 91 connected charged sites, and the one-
sided surface charge density σ = −2.6 e/nm2.29 The absolute
value of the surface charge density is chosen much higher than
that of montmorillonite due to the small size of the simulated
platelets. If the simulated platelets would be larger, the surface
charge density can be reduced to have similar probability of
aggregation as the smaller ones with divalent counterions.29 On
average, montmorillonite has a one-sided surface charge density
of −1.5 e/nm2.32

Newton’s equations of motion of the freely moving species
(platelets + ions) were integrated using the leapfrog algorithm.
The time step was chosen to be 10 fs and gave the same results
as using 1 fs time step (data not shown). The pressure was set
by isotropic Berendsen pressure coupling for the NPT
simulations, and the temperature was set by velocity-rescaling
temperature coupling. All simulations assume equilibrium with
salt-free water, and hence, the pressure is equal to the osmotic
pressure. To account for the long-ranged electrostatic
interactions, fast particle-mesh Ewald summation (PME) was
used with a 6 nm real-space Coulomb cutoff (the largest and
smallest box length used in the simulations are 70 and 20 nm,
respectively) and a Fourier spacing equal to 0.6 nm. Different
starting configurations for the equilibration simulation were
performed both from a dilute and a compressed system to
confirm that the mean volume and mean energy converged to
the same value. For an in-depth description of the input
parameters, see the online user manual.31

The volume fraction is a function of temperature, T, and
osmotic pressure, Π, and is defined as:

ϕ
π

Π =
Π

T
r N

V T
( , )

4
3 ( , )

3
sites

s (6)

where r = 0.5 nm is the radius of a platelet site, Nsites is the
number of connected charged sites per platelet, and Vs(T,Π) is
the volume per platelet.
Two Parallel Surfaces. Two infinite parallel surfaces with a

specific surface charge density and its corresponding counter-
ions were simulated using Monte Carlo (MC) simulations
described elsewhere.19 The surface charge is smeared out, and
the ions are treated as charged hard spheres. The electrostatic
interactions between two ions are defined similarly as in the
bulk simulations. The counterions in the bulk simulations are
free to explore the volume between the surfaces, whereas in the
MC simulations it is assumed that the counterion ratio is
constant. An alternative to this simplification is to use a variant
of the grand canonical ensemble.33 For a given separation
between the surfaces, h, and temperature, the osmotic pressure,
Π = Π(T,h), can be calculated using a midplane approach1

written as:

Π = Π + Π + Πid corr coll (7)

where Πid = kBT∑i=1
2 ci(mp) is the ideal contribution, ci(mp) is

the concentration of counterions at the midplane with valency i,
Πcorr is an attractive term due to the ion−ion correlations on
either side of the midplane, and Πcoll is the collision term due to
the finite-sized ions. The osmotic pressure response with
temperature is calculated between 25 and 95 °C:

ΔΠ = Π = ° − Π = °T h T h( 95 C, ) ( 25 C, )fix fix (8)

where hfix is defined to be the separation where the osmotic
pressure is 4 bar for 25 °C.

■ RESULTS AND DISCUSSION
NVT Bulk Simulations. Three radial distribution functions

(rdfs) are shown with respect to the center-of-mass between
the platelets from NVT bulk simulations in Figure 1a. The

volume of the platelets divided by the total volume is 4% (ϕ =
0.04), and ηDi = 0.96; i.e., 96% of the charge of the platelets are
neutralized by divalent cations. The first peak at ∼1.3 nm
corresponds to two platelets aggregated face-to-face. The height
of the peak is related to the probability of finding that
configuration. If three platelets have aggregated, a second peak
arises at ∼1.3·2 = 2.6 nm. If four platelets have aggregated, a
third peak arises at ∼1.3·3 = 3.9 nm and so on. Thus, the
number of visible peaks in the rdfs gives an indication of the
average number of platelets per tactoid, ⟨N ⟩, and it can been
seen that ⟨N ⟩ increases with temperature. As the temperature
is increasing from 5 to 95 °C, the attractive ion−ion
correlations are enhanced20 due to the ∼14% increase in
Bjerrum length (see Table 1), which consequently leads to
larger aggregates and a reduced osmotic pressure (⟨N ⟩ ∼ 1.5,
Π ∼ 0.25 bar at 5 °C, and ⟨N ⟩ ∼ 3.0, Π ∼ 0.20 bar at 95 °C).
Typical configurations from the simulations are shown in
Figure 1b,c, where it is displayed that larger aggregates are
found at higher temperatures. Thus, for the particular surface
charge density, volume fraction, and fraction of divalent
counterions, we find:

Figure 1. (a) Radial distribution functions between the platelets from
NVT simulations at three different temperatures with ηDi = 0.96. (b, c)
Representative configurations from the simulations for two temper-
atures. The counterions are omitted due to clarity, and the platelets are
shown in gray.
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Figure 2. (a, b) Volume per platelet as a function of the fraction of charges that is neutralized by divalent counterions. (c, d) Difference in volume
per platelet between 5 and 95 °C divided by the temperature difference as a function of ηDi. For 1 bar the crossover is found at ηDi ∼ 0.8. That is, the
volume per platelet is increased below ηDi ∼ 0.8 and reduced above ηDi ∼ 0.8 when the temperature is increased. For Π = 0.2 bar the crossover is
found at ηDi ∼ 0.9. Because of counterion dilution at lower pressures, the crossover occurs at higher divalent content.

Figure 3. (a) The average number of platelets per tactoid, ⟨N ⟩, as a function of ηDi for 0.2 and 1.0 bar, respectively. The aggregation is initiated at
lower fractions of divalent counterions when the temperature and/or pressure are increased. (b−d) Three configurations from the simulations for T
= 95 °C, Π = 1 bar at different ηDi. The counterions are omitted due to clarity, the platelets are shown in gray, and the cubic simulation box is shown
in blue (periodic images are shown outside the simulation box).
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which is in disagreement with the DLVO theory34,35 that
predicts ΔΠ/ΔT > 0 for both monovalent and divalent
counterions. With monovalent counterions and/or low enough
surface charge density of the colloids, the DLVO theory
predicts the correct trend as will be shown below.
NPT Bulk Simulations. In Figure 2a,b the volume per

platelet as a function of fraction of divalent counterions can be
seen for two different temperatures at two different pressures,
0.2 and 1.0 bar. At a low fraction of divalent counterions, the
entropic repulsion dominates the system and the particles
prefer to be far apart, which is clearly indicated by the large

volume per platelet. At a high enough fraction of divalent
counterions (ηDi ∼ 0.8 for Π = 1.0 bar and ηDi ∼ 0.9 for Π = 0.2
bar), the volume per platelet is decreasing rapidly, and the
colloids tend to aggregate. In Figure 2c,d, the difference in
volume per platelet divided by the temperature difference is
shown as a function of the fraction divalent counterion charge.
A crossover can be found where ΔVs/ΔT changes sign from
positive to negative (ηDi ∼ 0.8 for 1.0 bar and ηDi ∼ 0.9 for 0.2
bar), and hence the conclusion is that ΔVs/ΔT can be chosen
to be positive, negative, or kept constant by mixing counterions
of different valency. Note that the volume response with
temperature, ΔVs/ΔT, in the NPT simulations is analogous to
the osmotic pressure response, ΔΠ/ΔT, in the NVT
simulations. A minimum is found in the vicinity of the

Figure 4. X-ray scattering intensities as a function of the scattering vector at T = 25 °C of the Ca2+/Na+-montmorillonite fractions with ϕ = 0.06 for
(a) ηDi = 0 (cyan square), 0.05 (magenta cross), 0.1 (red line), 0.2 (blue circle), and 0.4 (black dashed) and, (b) ηDi = 0.6 (cyan square), 0.8
(magenta cross), 0.9 (red line), 0.95 (blue circle), and 1.0 (black dashed). The inset in (b) shows the Kratky plots over a narrow q-range. The
scattering intensities are normalized at q ≈ 1 nm−1.

Figure 5. X-ray scattering intensities as a function of the scattering vector for the temperature measurements of the Ca2+/Na+-montmorillonite
fractions with ϕ = 0.06 for (a) ηDi = 1, (b) ηDi = 0.9, (c) ηDi = 0.8, and (d) ηDi = 0.6. The temperatures were 5 °C (magneta cross), 25 °C (red line),
55 °C (blue circle), and 90 °C (black dashed). The inset shows the Kratky plot over a narrow q-range.The scattering intensities are normalized at q
≈ 1 nm−1.
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crossover where there are three effects that decreases the
volume as the fraction of divalent counterions increases: (i) the
single platelets form tactoids, (ii) the tactoids grow in size, and
(iii) the separation between the platelets in a tactoid decreases.
With 100% divalent counterions, all tactoids have aggregated at
Π = 1 bar (see Figure 3d), and the change is due to to effect
(iii) solely. The microstructure of the colloids is analyzed in
Figure 3, where the average tactoid size is shown as a function
of fraction of divalent counterions. As ηDi increases, the distance
between single platelets decreases slightly (Figure 3b), and at
the crossover the platelets start to aggregate into doublets and
triplets (Figure 3c). The tactoids continue to grow in size, and
finally, for a high enough fraction of divalent counterions and
pressure (ηDi > 0.95 for Π = 1 bar), all tactoids have aggregated
(Figure 3d). It should be emphasized that for ⟨N⟩ > 6
(indicated by the arrows) the average tactoid size cannot be
calculated due to the limited size of the system, i.e., 50 platelets.
The tactoid size for aggregated platelets has previously been
investigated for parallel platelets with MC simulations,32 and
aggregates of spherical particles have been investigated with
MC/MD simulations.36

SAXS. Scattering experiments were performed for the
corresponding Ca2+/Na+-montmorillonite mixtures used in
the bulk MD simulations. The scattering intensities for all
mixtures at T = 25 °C and ϕc = 0.06 are shown in Figure 4.
Bragg peaks are clearly observed for ηDi = 1, 0.95, 0.9, and 0.8
(Figure 4b), indicating that there are tactoids in these samples.
Moreover, the fwhm of the Bragg peak is decreasing, which
indicates that the tactoids are growing in size (see Figure 6a) as
ηDi approaches one. For ηDi ≤ 0.6 (Figure 4a), all the scattering
intensity curves are qualitatively equal, and no Bragg peaks are
visible, indicating that the systems are dominated by repulsive
interactions. Hence, the SAXS measurements are in qualitative
agreement with the simulations in Figure 3 and also agree well
with the study by Hedström et al.,18 i.e., Ca2+/Na+-
montmorillonite with ∼20% sodium or more, behaves
qualitatively as a Na+-montmorillonite, whereas montmorillon-
ite with 90% or more calcium in the interlayer behaves similar
to homoionic Ca2+-montmorillonite.
The scattering intensities and the Kratky plots for ηDi = 1,

0.9, 0.8, and 0.6 with ϕc = 0.06 at four different temperatures, 5,
25, 55, and 90 °C, are shown in Figure 5. The positions of the
Bragg peaks for ηDi = 1, 0.9, and 0.8 shift toward higher q-values
as the temperature increases, as shown in Figure 5a−c. For ηDi
= 0.6 no Bragg peak is visible, indicating that there are no
tactoids in the system for any of the temperatures investigated
(see Figure 5d). By comparing the value of ⟨N⟩ for the three

different temperatures (T = 25 °C, T = 55 °C, and T = 90 °C),
it is found that there is only a small difference between 55 and
90 °C. A larger deviation is found for 25 °C, which can be
associated with changes in the microstructure of the system.
The shift toward higher q-values in the Bragg peak with
temperature indicates that the average distance between the
platelets decreases with an increase in temperature, from ∼1.93
to 1.89 nm, i.e., three water layers, for T = 25−90 °C (see
Figure 6b). At 5 °C, the SAXS data seems to be composed by a
superposition of two Bragg peaks, with an average distance of
∼1.9−2.1 nm, corresponding to a combination of three and
four water layers. These results are in agreement with the
previous work done by Svensson and Hansen.37,38

The two trends where: (i) the spacing between the platelets
in the tactoids is reducing, and (ii) the increase in number of
platelets per tactoid with temperature for ηDi ≥ 0.8, are found
both in the simulations as well as in the experiments.
Obviously, the model cannot find discrete distances between
the platelets, such as three or four water layers, since the water
molecules are represented as a uniform dielectric permittivity.
Hence, a quantitative agreement at 5 °C is not possible.

Crossover for Two Parallel Surfaces. The platelets in the
bulk simulations above have a fixed surface charge density, and
the crossover from positive to negative change in pressure with
temperature was found to be at approximately 90% and 80%
divalent counterions, for 0.2 and 1 bar, respectively (Figure
2a,b). In Figure 7 the crossover between two parallel surfaces
for Π(T = 25 °C) = 4 bar (eq 8) has been simulated (MC

Figure 6. (a) Average number of platelets per tactoid, ⟨N⟩, and (b) the average distance between the platelets as a function of the fraction divalent
charges neutralizing the colloids, ηDi, obtained from the temperature measurements performed with SAXS for the Ca2+/Na+-montmorillonite
fractions with ϕ = 0.06.

Figure 7. Crossover from increasing to decreasing osmotic pressure
response with temperature is shown as a function of the surface charge
density and the percentage of divalent counterions neutralizing the
colloids. The osmotic pressure is 4 bar, and the temperature is 25 °C.
The areas left/right of the line correspond to an increased/decreased
osmotic pressure with increasing temperature.
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simulations) for different absolute values of the surface charge
density ranging from 0.05 to 2 e/nm2. The pressure was chosen
high enough to avoid any two-phase coexistence with opposite
sign of ΔΠ/ΔT. Furthermore, the crossover of the two parallel
surfaces differs from the bulk simulations due to the exclusion
of the rotational entropy, and the difference in electrostatic
interaction between a small colloid and an infinite surface. The
dark gray area on the left-hand side of the crossover-line
corresponds to an increasing osmotic pressure with temper-
ature, and the area on the right-hand side of the crossover-line
corresponds to a decreasing osmotic pressure with temperature,
as indicated in Figure 7. If |σ| < 0.2 e/nm2, the DLVO theory is
valid, even with 100% divalent counterions. As the surface
charge density increases, a crossover appears, and it shifts
toward a lower percentage of divalent counterions with an
increased surface charge density. The latter is due to the fact
that the attractive ion−ion correlations increase with increasing
surface charge density.6,32

Finally, we would like to emphasize that the midplane
approach is useful for understanding the importance of the
different contributions to the pressure defined in eqs 7 and 8 as
well as for understanding the limitations of the DLVO theory
where the correlation term is neglected. In Table 2, it is shown

that the difference in the ideal contribution, ΔΠid, is found to
increase with the fraction of divalent counterions mainly due to
the reduced separation. Although, by taking into account the
difference in the correlation contribution, ΔΠcorr, it is found
that ΔΠ/ΔT < 0 for ηDi > 0.7. Hence, the osmotic pressure
response can be negative if the correlation difference is the
leading term. The contribution ΔΠcoll is negligible and not
shown.

■ CONCLUSIONS
We have shown that the electrostatic interactions alone can give
a positive, negative, or constant osmotic pressure response with
temperature, depending on the monovalent/divalent counter-
ion ratio, if |σ| > 0.2 e/nm2. The fraction of divalent
counterions, where a crossover from positive to negative
pressure response with temperature is found, depends on the
surface charge density, the pressure (or volume fraction), and
other components such as the rotational entropy and the size of
the colloid. Mixtures of Ca2+-montmorillonite and Na+-
montmorillonite in water were measured with SAXS at four
different temperatures. It was found that Bragg peaks appear for
a sodium content of ∼20% or less, which indicates that tactoids
exist in those compositions. As the sodium content was
reduced, the number of platelets per tactoid increased. By
increasing the temperature, the separation between the platelets
in the tactoids decreased and the number of platelets per
tactoid seems to increase slightly. For a sodium content of

∼40% or more, no tactoids were found, which indicates that the
interaction between the platelets are dominated by repulsive
interactions. Our theoretical predictions are in good agreement
with the SAXS experiments, giving a further indication that our
model can explain the underlying physics. The theory
presented here is general and predicts that the temperature
response for all types of charged colloids can be controlled by
mixing counterions of different valency if the interactions in the
system are dominated by electrostatics. Even though the
applied model is very simple, and only face charges are taken
into consideration, we still believe that this study shed light on
the fundamental physics of these systems, the formation of
tactoids, and role of electrostatic interactions.
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The structural properties, and the intracrystalline swelling of Na+-, and Ca2+-montmorillonite (Na-, and
Ca-mmt) have been investigated as an effect of decreasing the relative permittivity of the solvent, i.e.
from water to ethanol (EtOH), utilizing the experimental techniques; small angle X-ray scattering
(SAXS) and osmotic pressure measurements. The experimental data were compared with the continuum
model, utilizing coarse-grained molecular dynamics bulk simulations, Monte Carlo simulations of two
infinite parallel surfaces corresponding to two clay platelets, and the strong coupling theory. It was found
that it is possible to tune the electrostatic interactions to obtain a transition from a repulsive to an attrac-
tive system for the Na-mmt by increasing the EtOH concentration, i.e. the Bjerrum length increases, and
hence, the attractive ion-ion correlation forces are enhanced. A qualitative agreement was observed
between the simulations and the experimental results. Moreover, a non-monotonic behavior of the
intracrystalline swelling of Ca-mmt as a function of EtOH concentration was captured experimentally,
where an increase in the osmotic pressure, and hence, an increase in the d-spacing was found at low con-
centrations, indicating that repulsive short-ranged interactions dominate in the system. Theoretically, the
non-monotonic behavior could not be captured with the continuum model, probably due to the limita-
tion that the electrostatic interactions solely enters the Hamiltonian via the Bjerrum length.
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1. Introduction

Clay is a complex colloidal system and refers to naturally occur-
ring aluminosilicate layered minerals, denoted phyllosilicates. The
clay platelet has a strong negative surface charge density compen-
sated with interlayer exchangeable cations. The physiochemical
properties, and also the colloidal behavior, are determined by the
charge distribution, the volume, and the shape of the colloid. When
dispersed in water, the clay platelet becomes ionized and a rising
osmotic pressure in the solution causes the clay to swell [1,2].
Semi-dilute dispersions can behave as gels, i.e. they have the abil-
ity to form yield stress materials [3–5], which are comprehensively
used in various industrial applications, such as in paint, in drilling
fluids, and in food as well as in cosmetic industry. For this reason,
clay-solvent interactions have been extensively studied by evaluat-
ing the intracrystalline swelling of montmorillonite (mmt) in
water [6,7], in different organic solvents [8–10], as well as water/
organic mixtures [11]. Theoretically, the understanding of the
swelling behavior of Na+-montmorillonite (Na-mmt) in water and
ethanol (EtOH) have been studied by Metz et al. [9] utilizing ato-
mistic computer simulations. They have found that the initial sol-
vation of dry clay with EtOH is energetically unfavourable by
comparing the solvation energetics with the energy of the bulk,
and that the formation of an EtOH monolayer is associated with
a large energy barrier to move the first EtOH molecules into the
interlayer region. Moreover, they found that the Na+ ions behave
differently in EtOH compared to in water, where the density pro-
files showed that the ions aggregate at each clay surface in the for-
mer rather than being dispersed in the solvent. Experimentally, the
intracrystalline swelling of Ca2+-montmorillonite (Ca-mmt) in
water/EtOH mixtures was studied by Brindley et al. [11] using
X-ray diffractometry. In their study, they found that for Ca-mmt
the equilibrium basal spacing increased to about 35 mol percent
of EtOH, and beyond the maximum expansion, the d-spacing
diminished abruptly. Their explanation of the initial increase in
basal spacing is due to an increased repulsion arising from the
replacement of water molecules by the larger EtOH molecules,
i.e. an excluded volume effect. Moreover, Brindley et al. concluded
that the initial increase is not compatible with the accompanying
decrease of the relative permittivity, due to the fact that it would
cause an increase in the attractive electrostatic forces. However,
to the authors knowledge, both effects can be present in the sys-
tem, where the increase in basal spacing can be explained through
an intricate balance of the partitioning of the solvent molecules,
the electrostatic repulsive forces, and the enhanced ion-ion corre-
lation forces.

The aim of this work is to study how the structural properties of
the tactoids, and the intracrystalline swelling, are affected by
changing the solvent i.e. by decreasing the relative permittivity
for Na-, and Ca-mmt in water/EtOH mixtures. The focus is on
describing under which conditions the structural properties of
Na-mmt behaves as Ca-mmt, i.e. the possibility to tune the electro-
static interactions to obtain a transition from a repulsive to an
attractive clay system via the solvent properties. For this purpose
the experimental techniques, Small Angle X-ray Scattering (SAXS)
and osmotic pressure measurements have been used. The experi-
mental data are compared with theoretical models, such as:
coarse-grained molecular dynamics (MD) bulk simulations, Monte
Carlo (MC) simulations of two infinite parallel surfaces correspond-
ing to two clay platelets, and with strong coupling theory.

Our main findings are that when increasing the concentration of
EtOH, the attractive ion-ion correlation forces are enhanced, con-
cluding that the structural properties of Na-mmt do indeed behave
similarly as Ca-mmt. This is confirmed both experimentally and

theoretically, where the transition from a repulsive to an attractive
system is found. For Ca-mmt, a non-monotonic behavior of the
intracrystalline swelling as a function of EtOH concentration was
found experimentally, where the distance between the platelets
and the osmotic pressure increased at low concentrations of EtOH,
indicating that repulsive short-ranged interactions are dominating
in the system. This behavior could, however, not be captured the-
oretically, probably due to the limitation in the continuum model,
i.e. that the solvent is represented by the relative permittivity of
the bulk solvent.

2. Experimental section

2.1. Chemicals and materials

The type of natural clay used throughout this study was Wyom-
ing bentonite (MX-80), which is mainly composed of the swelling
clay mineral Na-mmt. The chemical formula for the sodium satu-
rated montmorillonite from MX-80 can be written as [12]:

ðAl3:1Mg0:49Fe0:38Ti0:01ÞðSi7:89Al0:11ÞO20ðOHÞ4;0:65Naþ: ð1Þ
The purification and ion exchange procedures for MX-80 are

described elsewhere [13]. Analytical grade sodium chloride (purity,
99.5%), and calcium chloride (purity, 99.5%) were purchased from
MERCK. The purified Na-mmt and Ca-mmt were dried in an oven
at 105 �C over night, and milled into a fine powder. EtOH solutions
were prepared by dilution of EtOH 95 wt% (analytical grade, SOL-
VECO) with millipore water. The Na-, and Ca-mmt powder were
added to different water/EtOH solutions, respectively, in order to
obtain a clay volume fraction of 6% (/c � 0:06). After the sample
preparations, the samples were left to equilibrate for one month.

2.2. Methods and instruments

SAXS experiments were performed at beamline ID02 at the
European Synchotron Radiation Facility (ESRF) in Grenoble-
France [14]. For data reduction, the software SAXS-utilities [15]
was used. The q-range reported in this study is
6:1 � 10�2 < q < 4:5 nm�1, where q ¼ 4psinðhÞ=k;2h is the scatter-
ing angle, and k = 0.1 nm is the monochromatic beam wavelength.
The detector was a 2D CCD Rayonix MX 170 HS with binning 4 � 4.
SAXS measurements were collected at different water/EtOH solu-
tions: 0, 20, 40, 60, and 95 wt% EtOH, and at two different temper-
atures, room temperature, and the other significantly higher, 27,
and 63 �C, respectively, where the thermalization time of each
temperature was 12 min. For accurate statistics, and to control
possible radiation damage effects, an average over ten frames
was collected for each sample. The liquid samples were measured
in 1 mm sealed glass capillaries, and the solid sample was placed
between two mica sheets in a customized sample holder [14].
The background scattering was subtracted, where the correspond-
ing water/EtOH solution was used for the liquid samples, and one
empty cell with two mica sheets for the solid samples.

In order to estimate the size of the aggregates, i.e. the average
number of clay platelets per tactoid, a model scattering peak has
been fitted to the experimental data. The scattering function can
be approximated with a Lorentzian line shape:

q2IðqÞ / w

ðq� qmaxÞ2 þw2
þ b; ð2Þ

where IðqÞ is the scattering intensity, w is a measure of the width of
the Bragg peak, qmax is the position of maximum intensity of the
Bragg peak, and b is a fitting parameter for the background
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contribution. The full width at half maximum (FWHM) of the peak
is equal to 2w, and the average tactoid size can be expressed as
hNi � qmax=w [13,16,17]. The average distance, i.e. d-spacing,
between the midplane of two adjacent clay platelets was obtained
from qmax via the relation: dBragg ¼ 2p=qmax. The data was fitted
between qmax � 0:5 nm�1.

To achieve an indication of how the solvent properties affect the
intracrystalline swelling, the osmotic pressures of the clay systems
were directly measured using a test cell [12,18]. Approximately
one gram of clay was placed within the test cell and confined by
a piston, which is attached to a force transducer. The Na-, and
Ca-mmt were set to equilibrate with a successive replacement of
different solvent compositions corresponding to 0, 20, 40, 60, 80,
and 95 wt% EtOH, through a semipermeable membrane, which
was permeable to the solvent, but not to the clay particles. For
the solvent composition of 0 wt% EtOH, used for the Na-mmt, NaCl
with a salt concentration above the critical coagulation concentra-
tion (CCC) was added, i.e. 50 mM NaCl, to prevent any leakage
through the membrane. The resulting osmotic pressure was calcu-
lated from the recorded force and piston contact area. With this
experimental technique it is difficult to prepare the test cell to give
an exact final volume, and hence, two separate measurements are
rarely identical. However, it is possible to accurately determine the
clay water content after the measurement, and thus the clay sys-
tem was set to equilibrate with 0 wt% EtOH in the final stage.
The clay water content is defined as w ¼ mw=ms, where mw is the
mass of the water, and ms is the mass of the solid. From the clay
water content, the dry density of the clay defined as Dd ¼ ms=V
can be determined, utilizing Dd ¼ Dw=ðwþ Dw=DsÞ, where V is the
total volume of the system, Ds (2750 kg/m3) and Dw (1000 kg/m3)
are the densities of the solid, and the water, respectively.

3. Theoretical section

3.1. Model and simulations

Molecular dynamics bulk simulations were used to study the
structural and the thermodynamical properties of the formed tac-
toids of Na-mmt as a function of EtOH concentration, where the
interaction potentials and the platelet description are given else-
where [19]. The electrostatic (EL) pair-potential between particle
i and j is defined as:

buEL
ij ðr; TÞ ¼

lBzizj
rij

; ð3Þ

where b ¼ 1=ðkBTÞ; kB is the Boltzmann constant,
lB ¼ e2=ð4p�0�rðTÞkBTÞ is the Bjerrum length, e is the elementary
unit charge, e0 is the permittivity of vacuum, zi is the valency of par-
ticle i, and rij is the center-to-center distance between the particles.
The solvent is treated implicitly through the relative permittivity
�rðTÞ, and regarded as temperature (T) dependent. The solvent effect

was studied by varying the value of �rðTÞ for the medium corre-
sponding to experimentally measured values of the relative permit-
tivity of water, EtOH, and water/EtOH mixtures, see Table 1 [20].
When increasing the EtOH concentration, the Bjerrum length
increases, resulting in enhanced attractive ion-ion correlation forces
due to an increased repulsion between the ions.

In addition to the electrostatic pair-potential, the particles also
interact via a strictly repulsive, truncated, and shifted Lennard-
Jones (LJ) potential, defined as:

uLJ
ij ðrijÞ ¼

�LJ
rij

rij

� �12
� 2 rij

rij

� �6
þ 1

� �
; if rij < rij

0; otherwise

8<
: ; ð4Þ

where rij ¼ ðri þ rjÞ=2;rion ¼ 4 Å, and rsite ¼ 10 Å. The strength of
the short-ranged repulsion was set to �LJ ¼ kB � 293 J, with the moti-
vation to obtain a temperature independent LJ potential. Thus, the
distribution of uncharged particles behaves independently of the
temperature, since the aim is to study the electrostatic effects
exclusively.

The MD simulations were performed with the software package
GROMACS (version 5.0.4.) [21]. The model consisted of 50 nega-
tively charged finite plates, i.e. clay platelets, and their correspond-
ing counterions in a cubic simulation box with three-dimensional
periodic boundary conditions. The platelets had a hexagonal sym-
metry and were constructed from monolayers of 91 connected
charged, truncated, and shifted LJ spheres, i.e. sites. The mean
radius of the platelet was 5.5 nm, and the one-sided surface charge
density was set to r ¼ �2:6 e/nm2. Since the interaction is propor-
tional to the area of the platelet, the absolute value of the surface
charge density is chosen much higher than the estimated value
of natural mmt to compensate for the small size of the simulated
platelets. The reader should notice, that if the size of the simulated
platelets would be larger, the surface charge density can be
reduced to have similar probability of aggregation as the smaller
platelets with divalent counterions [19]. Furthermore, the reason
for this is that the interaction is to a first approximation propor-
tional to the area of the platelets. On average, mmt has a one-
sided surface charge density of �1:5 e/nm2 [22].

Newton’s equations of motion of freely moving species, i.e. the
platelets and the counterions, were integrated using the leap-frog
algorithm. The temperature was set by velocity-rescaling temper-
ature coupling. Fast particle-mesh Ewald summation (PME) was
used with a 6 nm real-space Coulomb cutoff, and a Fourier spacing
equal to 0.6 nm to account for the long-ranged electrostatic contri-
bution. For an in-depth description of the input parameters, the
reader is referred to the user manual [21]. The box length used
in the NVT simulations was 30 nm, corresponding to a volume frac-
tion of 9% (/ � 0.09). This value was chosen higher than the exper-
imental samples due to the small size of the simulated platelets,
where the average lateral size of a natural mmt platelet is approx-
imately 250 nm [23]. The time step was set to 10 fs, with a total of
107 steps.

From the bulk MD simulations structural information were
obtained via the total structure factor between the platelets,
defined as:

SðqÞ ¼ 1
N

XN
i¼1

XN
j¼1

sinðqrijÞ
qrij

* +
; ð5Þ

where N is the total number of platelet sites in the system. Assum-
ing an isotropic scattering, the equation of the total structure factor
can be rewritten as:

SðqÞ ¼ 1þ 4pN
V

Z 1

0
ðgðrÞ � 1Þr2 sinðqrÞ

qr
dr; ð6Þ

Table 1
The Bjerrum length as a function of EtOH concentration and temperature.a

wt% EtOH �r(T = 20 �C) lB (nm) �r(T = 60 �C) lB (nm)

0 80.4 0.708 66.6 0.753
20 68.7 0.829 56.4 0.889
40 56.5 1.008 45.8 1.095
60 44.7 1.274 35.7 1.407
80 33.9 1.679 26.3 1.906
90 29.0 1.963 22.5 2.228
95 27.0 2.111 21.0 2.388
100 25.0 2.277 19.6 2.566

a The Bjerrum length, lB , at eight different wt% of EtOH, and two temperatures, T,
with corresponding relative permittivity, �r(T) [20].
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where gðrÞ is the radial distribution function between all the plate-
let sites in the system. If gðrÞ is not approaching one at large sepa-
rations due to the finite length of the box, a window function can be
used to reduce artefacts, according to:

SwðqÞ ¼ 1þ 4pN
V

Z 1

0
ðgðrÞ � 1Þr2 sinðqrÞ

qr
sinðpr=RcÞ
pr=Rc

dr; ð7Þ

where Rc is the maximum distance in gðrÞ [24].
Two parallel infinite surfaces mimicking the clay platelets with

corresponding counterions were simulated using Monte Carlo sim-
ulations. The model is described elsewhere [25]. The surfaces have
a uniform surface charge density of r ¼ �1:3 e/nm2, separated at a
distance h. The counterions are treated as charged hard spheres,
where the electrostatic interactions are defined similarly as for
the bulk simulations. The system assumes equilibrium with salt-
free water, and thus, the pressure is equal to the osmotic pressure.
For a given temperature and separation between the surfaces, the
osmotic pressure, P ¼ PðT;hÞ, can be calculated using a midplane

approach defined as: P ¼ Pid þPcorr þPcoll, where

Pid ¼ kBTR
2
i¼1ciðmpÞ is the ideal contribution, ciðmpÞ is the concen-

tration of counterions at the midplane with valency i. Pcorr is an
attractive term due to the ion-ion correlation interactions on either

side of the midplane, andPcoll is the collision term due to the finite
ion size, where the diameter of an ion is dhc ¼ 4 Å [26].

For two equally charged surfaces the interactions in the system
can be explained either with the weak or the strong coupling (SC)
theory [27]. The Poisson-Boltzmann (PB) equation is asymptoti-

cally exact in the limit of weak coupling, i.e. long distances
between the surfaces, low surface charge density, and low counte-
rion valence. The SC theory is asymptotically exact in the opposite
limit, i.e. short distances between the surfaces, high surface charge
density, and high counterion valence. The limits can be found by
considering the coupling parameter:

N ¼ 2pz3l2Brs; ð8Þ
where rs is the surface charge number density. The SC theory is
valid for N ! 1 (the SC limit), and the PB equation is valid for small
values of N. A schematic illustration of two charged surfaces medi-
ated by counterions are shown in Fig. 1. The SC theory is valid if the
lateral distance between the ions, a, is larger than the separation, h,
between the surfaces, i.e. h < a, see Fig. 1a, where the ions move
independently of each other perpendicular to the surfaces due to
the strong ion-ion correlation forces. The PB equation is valid in
Fig. 1b, where each ion interacts with a diffuse cloud of other ions
[27].

4. Results and discussion

4.1. SAXS

Scattering experiments were performed for different water/
EtOH mixture conditions for Na-, and Ca-mmt, where the scatter-
ing intensities, and the Kratky plots (q2IðqÞ vs q), at T = 25 �C and
/c � 0:06, are shown in Fig. 2. Bragg peaks are clearly observed

Fig. 1. Schematic illustration of two charged surfaces (represented as horizontal black lines) mediated by counterions (represented as cyan spheres). (a) The lateral distance,
a, between the ions is larger than the separation, h, between the two charged surfaces. (b) The charged surfaces attract two separate layers of counterions, and the lateral
distance between the ions is small.
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Fig. 2. The X-ray scattering intensities as a function of the scattering vector at T = 25 �C and /c � 0:06 for (a) Na+-, and (b) Ca2+-montmorillonite at 95 (red), 60 (green), 40
(black), 20 (blue), and 0 (magenta) wt% EtOH. The insets show the Kratky plots of the corresponding systems. In (a) the scattering intensities are normalized at q � 1 nm�1,
and in (b) the scattering curves are scaled to enhance the different shape of the Bragg peaks. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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for Na-mmt at water/EtOH mixtures above 60 wt% (Fig. 2a), indi-
cating that tactoids are formed when increasing the concentration
of EtOH, hence, it is possible to capture a crossover from a repulsive
to an attractive system. As the concentration of EtOH increases
from 60 to 95 wt% with respect to EtOH, the Bragg peak moves
towards higher values of q, i.e. the separation between the platelets
decreases from � 2:18 to 1.70 nm. Moreover, the full width at half
maximum of the Bragg peaks decreases, indicating that the tac-
toids are growing in size, where the average number of platelets
in the tactoids increases from hNi � 11 to 25. For Ca-mmt
(Fig. 2b) the position of the Bragg peak is strongly dependent on
the EtOH concentration. When the concentration increases from
0 to 20 wt% EtOH, the separation between the platelets in the tac-
toids increases from � 1:93 to 2.27 nm. At 60 wt% EtOH the scat-
tering pattern is a superposition of two Bragg peaks, indicating
that there is a competition between two different separations,
either of intercalated EtOH and water, or two EtOH concentrations.
Above 60 wt% EtOH the separation between the platelets
decreases, for example for 95 wt% EtOH it becomes � 1:70 nm.
The values of the position of the Bragg peak, the d-spacing, the full
width at half maximum, and the average number of platelets per
tactoid for both Na-, and Ca-mmt, are shown in Table 2.

By comparing the scattering curves of Na-, and Ca-mmt with 95
and 0 wt% EtOH, respectively (Fig. 3), it is shown that the position
of the Bragg peak of Na-mmt occurs at a higher q-value than Ca-
mmt, i.e. � 3:70 and 3.25 nm�1. This corresponds to a separation
between the platelets in the tactoids of � 1:70 and 1.93 nm,

respectively, indicating that there are stronger attractive interac-
tions in the system with Na-mmt. The full width at half maximum
is broader for Ca-mmt, resulting in a smaller average number of
platelets in the tactoids c.f. hNi � 17, while for Na-mmt hNi � 25.
Hence, by changing the solvent composition from water to EtOH,
i.e. by decreasing the relative permittivity of the solvent, the struc-
tural properties of Na-mmt do indeed behave similarly as Ca-mmt.

The experimental results above can be qualitatively explained
by comparing the coupling parameter, where N � 28 for monova-
lent ions in 95 wt% EtOH, and N � 25 for divalent ions in water
at T = 20 �C, see Table 3. Thus, there are indeed stronger attractive
interactions due to the stronger coupling with monovalent ions in
EtOH compared to divalent ions in water. For divalent ions in 95 wt
% EtOH, the coupling parameter is even higher, i.e. N � 224. This
effect is captured in the SAXS data, where the position of the Bragg
peak is approximately the same for Na-, and Ca-mmt in 95 wt%
EtOH, i.e. � 3:7 nm�1. However, the FWHM of the peak is narrower
for Ca-mmt corresponding to hNi � 37, indicating that there are
stronger attractive forces for the system with divalent counterions.
Moreover, when monovalent counterions are replaced by divalent
counterions, the number of ions decreases with a factor of two,
which corresponds to a decreased double-layer repulsion.

The scattering intensities obtained from the temperature mea-
surements of Na-, and Ca-mmt in 60, and 20 wt% EtOH, respec-
tively, at T = 27, and 63 �C, with /c � 0:06, are shown in Fig. 4.
From the analysis of the Bragg peaks it is shown that there is only
a minor deviation between the two temperatures for the two dif-
ferent systems, where the difference in separation between the
temperatures, i.e. DdBragg ¼ dBragg(T = 63 �C)�dBragg(T = 27 �C), were
estimated to be � 0:01, and � 0:08 nm for Na-, and Ca-mmt,
respectively, resulting in an average separation between the plate-
lets in the tactoids of � 2:2 nm. Also, the FWHM is in the same
order for all scattering curves, corresponding to an average number
of platelets in the tactoids of � 10. From these measurements it
can be concluded that there is only a minor temperature effect in
the systems, in correlation to what has been noticed for Na-, and
Ca-mmt in pure water [7].

Table 2
The position of the Bragg peak maximum (qmax), d-spacing (dBragg), full width at half maximum (FWHM), and average number of platelets per tactoid (hNi), for Na+-, and Ca2+-
montmorillonite.

wt% EtOH qmax (nm�1) dBragg (nm) FWHM (nm�1) hNi
Na-mmt

60 2.88 2.18 0.53 11
95 3.70 1.70 0.30 25

Ca-mmt
0 3.25 1.93 0.38 17
20 2.77 2.27 0.54 10
40 2.90 2.17 0.40 15
95 3.69 1.70 0.20 37
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Fig. 3. The X-ray scattering intensities as a function of the scattering vector at T =
25 �C and /c � 0:06 of Na+-montmorillonite with 95 (red), and 60 (green) wt% EtOH,
and Ca2+-montmorillonite with 95 (dashed black), and 0 (blue) wt% EtOH. The inset
shows the Kratky plots of the corresponding systems. The scattering intensities are
normalized at q � 1 nm�1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 3
The coupling parameter as a function of EtOH concentration for Na+-, and Ca2+-
montmorillonite.a

wt% EtOH N dBragg (nm) hNi
Na-mmt

0 3 – –
95 28 1.70 25

Ca-mmt
0 25 1.93 17
95 224 1.70 37

a The coupling parameter (N), d-spacing (dBragg), and the average number of
platelets in the tactoid (hNi) for Na+-, and Ca2+-montmorillonite in 0, and 95 wt%
EtOH, respectively.
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4.2. Osmotic pressure

Fig. 5a shows the results from the osmotic pressure measure-
ments of Ca-mmt at room temperature for two different values

of the dry density: 1230, and 1180 kg/m3. Each plateau corre-
sponds to an equilibrium osmotic pressure of the clay system for
the respective water/EtOH mixture in the order of 0, 20, 40, 60,
80, 95, and 0 wt% EtOH. By extracting the equilibrium osmotic
pressures, it is clearly shown that there is a non-monotonic behav-
ior of the osmotic pressure as a function of EtOH concentration,
regardless of dry density (Fig. 5c), which correlates both with the
SAXS data (Fig. 2b), as well as with the work done by Brindley
et al. [11]. When the bulk solution is gradually changed from 0
to 95 wt% EtOH, the osmotic pressure increases at low concentra-
tions, followed by a steady decrease at higher concentrations.
The reversibility of the clay systems was confirmed by changing
the solvent back to 0 wt% EtOH, where the osmotic pressure
returns to its initial value. During this exchange, a large peak arises,
which is enhanced in Fig. 5b. Our hypothesis is that the transition
occurs via a successively replacement of intercalated EtOH mole-
cules with water molecules, which is supported by analysing the
height of the peak, where it is shown that the same magnitude is
obtained at the highest recorded osmotic pressure. The same trend
is also visible for the transition from 95 to 0 wt% EtOH for Na-mmt
as for Ca-mmt, see Fig. 5b. The reader should notice, that the addi-
tion of 50 mM NaCl to the solution of 0 wt% EtOH with Na-mmt
will not affect the measured osmotic pressure to a great extent,
as shown in a previous publication [12]. The reason for this is
due to the high volume fraction of the clay sample, where the
counterion concentration is about one order of magnitude larger
than the added salt concentration. For the same reason, with 95
wt% EtOH, the addition of 50 mM NaCl will only moderately
increase the ion-ion correlation forces. However, the long-ranged
repulsion is screened for more dilute samples [22]. The values of

Fig. 5. (a) The osmotic pressure as a function of time and EtOH concentration of Ca2+-montmorillonite at two different clay dry densities (Dd). (b) The transition from 95 to 0
wt% EtOH of both Na+-, and Ca2+-montmorillonite. (c) The equilibrium osmotic pressures of the respective EtOH concentrations for all systems. The color codes are: Dd ¼ 1230
(red), and 1180 (green) kg/m3 for Ca2+-montmorillonite, and Dd ¼ 1070 (black), and 1030 (blue) kg/m3 for Na+-montmorillonite. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The X-ray scattering intensities as a function of the scattering vector for the
temperature measurements with /c � 0:06 of Na+-montmorillonite with 60 wt%
EtOH at T = 27 (red), and 63 �C (green), and Ca2+-montmorillonite with 20 wt% EtOH
at T = 27 (black), and 63 �C (blue), respectively. The inset shows the Kratky plots for
the corresponding systems. The scattering intensities are normalized at q � 1 nm�1.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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the equilibrium osmotic pressures of 0 (P0), and 95 (P95) wt%
EtOH, as well as the osmotic pressure at the position of the peak
maximum (Pmax) for both Na-, and Ca-mmt, are given in Table 4.

4.3. Simulations

Radial distribution functions (rdfs) with respect to the center-
of-mass between the platelets were extracted from the NVT MD
bulk simulations at T = 20 �C, and with a volume fraction of 9%
(/ � 0.09). The number of peaks in the rdfs are an indication of
the average number of platelets in the tactoids, hNi, where the
height of the peak gives the probability of finding that configura-
tion. The first peak is equivalent to a structure when two platelets
have aggregated face-to-face at a distance of� 1:3 nm, and the sec-
ond peak corresponds to the situation where three platelets have
aggregated at a distance of � 1:3 � 2, and so on. As shown, both
the number of peaks, and the probability of aggregation, increase

with a decrease in the relative permittivity. When decreasing the
relative permittivity of the solvent, the attractive ion-ion correla-
tions are enhanced due to the increase in Bjerrum length, and thus
an increase in the coupling parameter. This behavior is captured in
the Na-mmt system (Fig. 6a), where peaks in the rdfs are found
above 90 wt% EtOH. As expected, the simulated SAXS spectras
(Fig. 6b) show Bragg peaks for 95, and 100 wt% EtOH, where the
positions of the peaks are corresponding to a d-spacing of �1.2
nm for both systems. The discrepancy of the smoothness in the
scattering pattern of the simulated SAXS spectra arises from the
small size of the platelets. No Bragg peaks are observed at an EtOH
concentration of 90 wt%, or lower, indicating the existence of a
repulsive system. The transition from a repulsive to an attractive
system is illustrated in Fig. 6c-d, where representative configura-
tions of the Na-mmt system in 0, and 100 wt% EtOH, are shown.
At 0 wt% EtOH, only single platelets are found in the system,
whereas for 100 wt% EtOH, all platelets have aggregated and
formed tactoids. In the latter, the average number of platelets per
tactoid was determined to hNi � 4. The MD simulations are in
qualitative agreement with the SAXS data (Fig. 2a), where a transi-
tion from a repulsive to an attractive system is found for Na-mmt.
In the simulations, the transition occurs at a higher EtOH concen-
tration compared to the experimental data, which could arise from
the selected input parameters, such as the volume fraction of the
platelets, the surface charge density, and the size of the platelets.

By comparing the rdfs of Na-mmt at 95 wt% EtOH with Ca-mmt
at 0 wt% EtOH (Fig. 7a), it is shown that the height of the first peaks
are of the same magnitude, indicating that the probability of find-
ing a face-to-face configuration is of the same order. For the Ca-
mmt system, the second peak is more pronounced, indicating that
larger aggregates have been formed. This is confirmed by compar-
ing the representative configurations of the systems (Fig. 7c-d),

Table 4
The equilibrium osmotic pressures as a function of clay dry density for Na+-, and
Ca2+-montmorillonite.a

Dd (kg/m3) P0 (kPa) P95 (kPa) Pmax (kPa)

Na-mmt
1070 2910 670 5770
1030 1590 90 2630

Ca-mmt
1180 1610 310 2550
1230 3040 1210 4240

a The osmotic pressure of 0 (P0), and 95 (P95) wt% EtOH, and at the position of
the peak maximum (Pmax) for Na+-, and Ca2+-montmorillonite, as a function of clay
dry density (Dd).
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Fig. 6. (a) Radial distribution functions, and (b) simulated SAXS spectras from the NVT MD bulk simulations at T = 20 �C of Na+-montmorillonite at 100 (red), 95 (green), 90
(black), 60 (blue), and 0 (magenta) wt% EtOH. Illustrative configurations of Na+-montmorillonite at (c) 0, and (d) 100 wt% EtOH. The volume fraction of the system was 9%
(/ � 0.09). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where smaller tactoids are found for Na-mmt at 95 wt% EtOH com-
pared to Ca-mmt at 0 wt% EtOH. Here the average number of pla-
telets per tactoid becomes hNi � 2, and 4 for each system,
respectively. From the simulated SAXS spectras (Fig. 7b), the Bragg
peak of the Ca-mmt system is shifted towards lower values of q
compared to the Na-mmt system, which corresponds to a d-
spacing of � 1:3, and 1.2 nm, respectively. The MD simulations
have a reasonable agreement with the SAXS data (Fig. 3), indicating
slightly stronger attractive interactions in the Na-mmt system at
95 wt% EtOH, in comparison with the Ca-mmt system at 0 wt%
EtOH.

The osmotic pressure as a function of separation between the
surfaces from the MC simulations at T = 20 �C are shown in
Fig. 8. For the Na-mmt system (Fig. 8a) both the osmotic pressure,
and the equilibrium separation between the surfaces determined
from PðhÞ ¼ 0 decrease with an increase in EtOH concentration.
The transition from a repulsive to an attractive system occurs
between 60, and 90 wt% EtOH, where a global minimum is found
for the systems at 90 wt% EtOH and above. These results correlate
with the SAXS data and the bulk MD simulations, indicating that
the model also captures the behavior for Na-mmt in water/EtOH
mixtures. This is, however, not the case for the Ca-mmt system

Fig. 8. The osmotic pressure as a function of separation between the surfaces from the MC simulations at T = 20 �C of (a) Na+-, and (b) Ca2+-montmorillonite at 100 (red), 95
(green), 90 (black), 60 (dashed blue), and 0 (magenta) wt% EtOH. The surface charge density was r ¼ �1:3 e/nm2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) Radial distribution functions, and (b) simulated SAXS spectras from the NVT MD bulk simulations at T = 20 �C of Na+-montmorillonite at 100 (red), and 95 (green)
wt% EtOH, and Ca2+-montmorillonite at 0 (blue) wt% EtOH. Illustrative configurations of (c) Na+-montmorillonite at 95 wt% EtOH, and (d) Ca2+-montmorillonite at 0 wt%
EtOH. The volume fraction of the system was 9% (/ � 0.09). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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(Fig. 8b), where the monotonic trend for the osmotic pressure as a
function of EtOH concentration captured in the MC simulations, is
not consistent with neither the SAXS nor the experimental osmotic
pressure data. This non-monotonic behavior could not be captured
utilizing the continuum model, probably due to the lack of parti-
tioning of the solvent molecules. In principle, the continuummodel
should be valid with respect to the electrostatic interactions. How-
ever, the effect of the variation of the relative permittivity could be
overruled by other effects, such as the difference in size between
the solvent molecules, the density changes associated with the sol-
vent interactions, as well as the geometry of the solvent molecules.

Comparisons between the osmotic pressure data obtained from
the MC simulations for the Na-, and the Ca-mmt systems (Fig. 9),
show the same trend as is found in the SAXS data. The attractive
interaction forces are stronger, and the separation between the
surfaces are smaller for Na-mmt at 95 wt% EtOH in comparison
to Ca-mmt at 0 wt% EtOH. These results conclude that the model
can accurately capture the behavior of the transition from a repul-
sive to an attractive system by tuning the electrostatic interactions,

and confirm that the structural properties of Na-mmt do indeed
behave similarly as a Ca-mmt when changing the solvent from
water to EtOH.

The temperature effect has also been analyzed with the MC
model. The simulated osmotic pressure of Na-, and Ca-mmt at
two different temperatures are presented in Fig. 10. In order to
capture the corresponding behavior as for the SAXS data (Fig. 4),
a higher concentration of EtOH was chosen for both of the systems.
An exact agreement is possible to find by tuning the fitting param-
eters. However, as for the MD bulk simulations, our goal with the
model is to understand the physics behind the clay behavior, rather
than obtaining correct fitting parameters. From these simulations
it was found that there is only a minor temperature effect, where
the attraction increases with an increase in temperature, resulting
in a decrease in the separation between the surfaces. The separa-
tion differences between the two temperatures, i.e.
DdBragg ¼ dBragg(T = 60 �C)�dBragg(T = 20 �C), for Na-, and Ca-mmt
were estimated to � 0:03, and � 0:01 nm respectively, and they
are of the same order of magnitude as for the SAXS data.

Fig. 9. The osmotic pressure as a function of separation between the surfaces from
the MC simulations at T = 20 �C of Na+-montmorillonite at 95 (red), and 60 (green)
wt% EtOH, and Ca2+-montmorillonite at 95 (dashed black), and 0 (blue) wt% EtOH.
The surface charge density was r ¼ �1:3 e/nm2. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. The osmotic pressure as a function of separation between the surfaces for
the MC simulations of Na+-montmorillonite at 80 wt% EtOH, at T = 20 (red), and 60
�C (green), and Ca2+-montmorillonite at 40 wt% EtOH, at T = 20 (black), and 60 �C
(blue). The surface charge density was r ¼ �1:3 e/nm2. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 11. (a) The osmotic pressure response of Na+-montmorillonite, with illustrative configurations corresponding to 95 (left), and 0 (right) wt% EtOH. (b) The osmotic
pressure response of Ca2+-montmorillonite, where the black box represents the limitation regime of the continuummodel, and the illustrative configurations correspond to 0
(left), 20 (middle), and 95 (right) wt% EtOH.
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5. Conclusions

We have shown that it is possible to tune the electrostatic inter-
actions to obtain a transition from a repulsive to an attractive sys-
tem for Na-mmt via the solvent properties, i.e. by decreasing in the
relative permittivity. From the SAXS data, Bragg peaks were found
at 60, and 95 wt% EtOH, corresponding to a d-spacing of � 2:18,
and 1.70 nm, respectively. The Bragg peaks are an indication of tac-
toid formation, and the decrease in d-spacing concludes that the
interaction between the platelets are dominated by attractive
ion-ion correlation forces, which are enhanced as the concentra-
tion of EtOH increases. From the experimentally osmotic pressure
measurements reversibility of the Na-mmt system was obtained.
Our hypothesis is that the transition from 95 to 0 wt% EtOH occurs
via a successively replacement of intercalated EtOH molecules
with water molecules (future work). The results from the theoret-
ical models are in qualitative agreement with the experimental
data, giving a further indication of that the given models can
explain the underlying physics in the system containing monova-
lent ions. This is illustrated in Fig. 11a, where the transition
between weak and strong coupling regime is visible.

Moreover, a non-monotonic behavior of the intracrystalline
swelling of Ca-mmt as a function of EtOH concentration was cap-
tured experimentally. It was found that the osmotic pressure
increased until 20 wt% EtOH was reached in the sample, whereas
the d-spacing obtained from SAXS in the 20 wt% EtOH sample
increased in comparison with 0 wt% EtOH. Hence, this indicates
that there are stronger repulsive forces in the Ca-mmt systems at
lower concentrations of EtOH. At 60 wt% EtOH the scattering pat-
tern from the SAXS data was found to be a superposition of two
Bragg peaks, and the osmotic pressure is in same regime as at 0
wt% EtOH, indicating that there is a competition between two dif-
ferent separations, either for the intercalated EtOH and water, or
for two EtOH concentrations. At 95 wt% EtOH the d-spacing was
decreased to � 1:70 nm, and the osmotic pressure was markedly
reduced, due to the enhanced ion-ion correlation forces. The non-
monotonic behavior found experimentally could not be captured
utilizing the continuum model, probably due to the lack of parti-
tioning of the solvent molecules. This is illustrated in Fig. 11b,
where the limitation regime of the model is highlighted by the
black box, i.e. the increase in osmotic pressure, and the representa-
tive configurations of the Ca-mmt systems at 0, 20, and 95 wt%
EtOH, show that the separation between the platelets decreases
with an increase in EtOH concentration. Thus, in the continuum
model a monotonic behavior is found for the intracrystalline swel-
ling of Ca-mmt as a function of EtOH concentration, where the
enhanced attractive ion-ion correlation forces increase with a
decrease in relative permittivity. To be able to capture this effect
theoretically, a model considering the interactions between the
solvent molecules and the clay platelets is needed. For example,
a model where the solvent is treated explicitly is a good candidate.
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