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Evolution of the interlayer space of hydrated montmorillonite as a function of temperature
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AbStrAct

The evolution of the interlayer space of different hydrated, Wyoming-type montmorillonite under 
the influence of temperature was investigated by means of Monte Carlo molecular modeling simulation 
methods. Calculations were performed on montmorillonite with monovalent and divalent counterions 
including Li+, Na+, K+, Rb+, Cs+, Ca2+, Ni2+, Zn2+, and Pb2+. For each of these clays we have conducted 
a series of 16 simulations in which the temperature is increased systematically from 300 to 400 K, then 
decreased to 260 K, and finally increased to 300 K. SPC/E water model is used to describe the water 
and hydroxyl behavior. From these simulations we found that the variation in the interlayer spacing 
of 3-layer hydrated montmorillonite is much greater than that of 2- and 1-layer hydrated montmoril-
lonite. Hysteresis phenomena have been found in the interlayer spacing-temperature curves, especially 
at high temperature. The influence of temperature on the swelling behaviors of montmorillonite is 
different in that it depends on the counterions contained in the clay.
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introduction

Montmorillonite is a naturally occurring swelling clay con-
sisting of an octahedral sheet sandwiched between two silica 
sheets. Negative charges, resulting from isomorphous substitu-
tions for silicon and aluminum by other cations, are balanced by 
adsorbing cations; these interlayer cations hold the neighboring 
mineral layers together. 

Many theoretical and experimental studies have been pub-
lished regarding the behavior of swelling and shrinking of smec-
tite clay (Mooney et al. 1952a; Fu et al. 1990; Berend 1991; Boek 
et al. 1995; Skipper et al. 1995; Smith 1998; Chavez-Paez et al. 
2001b; Smith et al. 2004; Whitley and Smith 2004). Interlayer 
spacing depends upon several thermodynamic and compositional 
variables: the temperature, applied pressure, and water chemical 
potential, etc. The equilibrium state for clay is achieved when the 
thermodynamic potential of the system is at a minimum for the 
given thermodynamic constraints of temperature, pressure, and 
water chemical potential. The important role of interlayer ion size 
and charge in smectite swelling has been studied experimentally 
(Mooney et al. 1952b; Calvet 1973; Fu et al. 1990; Zhang et al. 
1993; Berend et al. 1995; Yan et al. 1996; Cases et al. 1997; 
Chiou and Rutherford 1997; Laird 1999; Xu et al. 2000) and 
theoretically (Delville 1995; Chang et al. 1997; Teppen et al. 
1997; Shroll and Smith 1999; Young and Smith 2000; Chavez-
Paez et al. 2001a, 2001b; Hensen et al. 2001; Sutton and Sposito 
2001; Hensen and Smit 2002; Marry et al. 2002; Marry and Turq 
2003; Zaidan et al. 2003; Smith et al. 2004; Whitley and Smith 
2004). The swelling and shrinking behaviors of montmorillonite 
with different counterions have been presented in our proceeding 

work (Zheng et al., in preparation). Here, we extend that work 
to consider the effect of varying temperature on the swelling 
behavior of hydrated clays with different counterions.

In this work, the evolution of different hydrated montmoril-
lonite under the influence of temperature has been investigated by 
using Monte Carlo simulation methods. Simulations have been 
performed on 1-, 2-, and 3-layer hydrated montmorillonite with 
monovalent cations such as Li+, Na+, K+, Rb+, Cs+, and divalent 
counterions such as Ca2+, Ni2+, Zn2+, and Pb2+. The temperature 
was varied from 300 to 400 K with a 20 K step to simulate the 
warming process, followed by cooling to reach 260 K, and then 
reheated to 300 K as the initial state to form a complete warming-
cooling cycle. The role of water molecules in this process can 
be determined by comparing the behavior of 1-, 2-, and 3-layer 
hydrated states of the same clay and the influence of counterions 
in the swelling clay are determined by comparing the curves of 
the nine montmorillonite of the same hydrated state.

SimulAtion detAilS

System setup
The clay model used here is derived directly from the models 

introduced by Skipper and others (Skipper et al. 1995). In this 
model, the clay is represented by a rigid lattice, the coordinates 
of which were determined from X-ray diffraction studies of talc, 
an uncharged 2:1 clay mineral (Brindley and Brown 1980). The 
Wyoming-type montmorillonite modeled here has a unit-cell 
formula Mm

0.
+
75/m[Si7.75Al0.25](Al3.25Mg0.75)O20(OH)4·nH2O where M 

presents the counterions, which may be monovalent or divalent 
cations. In the present work, the monovalent cations such as Li+, 
Na+, K+, Rb+, Cs+, and the divalent cations such as Ca2+, Ni2+, 
Zn2+, and Pb2+ are considered. * E-mail: azaoui@polytech-lille.fr


