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highlights
• CO2 diffuses more freely with the increase of depth and water content.
• The presence of interlayer CO2 inhibits the diffusion of all the mobile species.
• Hydrated clay system is an appropriate space capable of absorbing CO2 molecules.
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abstract
We perform, at nanoscale level, the structure and dynamics of carbon dioxide molecules
in hydrated Ca-montmorillonite clays. The swelling behaviour of hydrated Wyoming-type
Montmorillonite including CO2 molecules and counterions is presented and analysed. In
addition, the atom density profile, diffusion behaviours and radial distribution functions
of CO2 , interlayer water molecules and Calcium ions have been investigated at different
geological burial depth of 0 km, 3 km and 6 km, which correspond to various temperature
and pressure of simulation conditions. Furthermore, the influence of different hydration
state on the dynamical behaviours of carbon dioxide is also explained. The calculated selfdiffusion coefficient shows that the carbon dioxide species diffuse more freely with the
increase of depth and water content. We also found that the presence of interlayer CO2
inhibits the diffusion of all the mobile species. These results mainly show that the hydrated
clay system is an appropriate space capable of absorbing CO2 molecules.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Recently, much attention has been paid to the study of the adsorption of carbon dioxide molecules onto hydrated clay
surfaces [1–4]. These investigations are, in general, experimentally difficult and may be supplemented by using molecular
simulation. Computer simulation has been used to study the structure and dynamics of carbon dioxide in hydrated calcium
Montmorillonite clays under conditions encountered in sedimentary basins. It was observed that an increase in pressure or
in temperature causes a larger swelling and an increase in the self-diffusion coefficient for the water and carbon dioxide
molecules.
Montmorillonite is known as swelling clay whose volume is variable with its water content. Montmorillonite will swell
when the water content in the clay increases. The distance between the centres of layers is specified by the layer spacing,
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Table 1
Parameters of the SPC [12] and EPM2 [14] models.
12

6

Atom type

Aii (kcal Å /mol)

Bii (kcal Å /mol)

qi (e)

OW
HW
Cc
Oc

629 342
0
43 581
390 222

625
0
99.244
501.301

−0.8200
0.4100
0.6512
−0.3256

which is equal to the distance between neighbouring mineral layers plus the thickness of one mineral layer. There have been
several studies [5–9] aimed at the description of the structure and dynamics behaviour of water and counterions in smectite
clay such as interlayer spacing and thermodynamic properties of water and counterions. The layer spacing is variable upon
the cations and the number of contained water molecules. On both sides of the clay’s surfaces, there are oxygen centres
which lead to weak VDW interactions between layers. The role of the counterions in the interlayer space is to join the clay
layers together.
The purpose of the present study is to shed light – at nanoscale level – on the structure and dynamics of carbon dioxide
molecules in hydrated Ca-montmorillonite clays. We will investigate the swelling behaviour of hydrated Wyoming-type
Montmorillonite including CO2 molecules and counterions. The rest of the paper is as follows. In Section 2 we present the
method of calculation employed here. In Section 3 detailed results and discussions are presented. Section 4 is the conclusion.
2. Computational details
2

The simulation cell used here contains 21.12 × 18.28 Å slab of Montmorillonite clay, 3 charge compensating calcium
cations, 32 carbon dioxide particles, and 32, 64, and 96 water molecules, corresponding to one-, two- and three-layer hydrate
systems, respectively. The simulated system followed gradients of 150 bar km−1 and 30 K/km to burial depth of 3 and
6 km. Temperature and pressure conditions corresponding to specific burial depth of 0, 3, and 6 km were introduced in the
simulation.
A combination of constant stress Monte Carlo [10] (MC) and constant volume molecular dynamics (MD) [11] methods
have been used in our computations, using the codes ‘ MONTE’ and ‘ DLPOLY’, respectively. In the simulation cell, water
and carbon dioxide molecules were initially arranged randomly from MC simulations. The interlayer cations were selected
randomly to move for 2 million MC steps and then 8 million MC steps for the movement of water and carbon dioxide
molecules. This gives information on interlayer species positions and clay layer spacing. The equilibrium configurations
obtained from MC simulations were then used as initial configurations in the MD simulations. The MD simulations were
performed with a timestep of 0.5 ps using an NVT ensemble. The equilibration time was confined to 2 ns of MD simulation
to relax the system. After the equilibration, 2 ns of dynamic simulation are added for the statistical analysis of the structure.
Interlayer molecular configurations were stored every 500 steps and used for results analysis. The 3-dimensional periodic
boundary conditions have been used in the simulation. The equilibrated simulation cell was doubled in the direction normal
to the clay sheets for our molecular dynamics runs. This allows us to use a cutoff distance of 9 Å in the minimum image
convention, according to the MD program DLPOLY [11].
The single point charge (SPC) water models [12] have been chosen for liquid water to represent the water, hydroxyl
and oxygen–oxygen interactions, where water was treated as a rigid body. We employed the CLAYFF [13] for the potential
parameter of Montmorillonite. The potential model used for carbon dioxide is based on the EPM2 model [14]. These
interactions are pair-wise additive involving Coulomb and Lennard-Jones 6–12 potential of the form:
U (r ) =


(qi qj /rij − Aij /r 6 + Bij /rij12 )

(2.1)

where U is the potential energy of the system, q is the partial charge on a site, and A and B represent the van der Waals
attractive and short-range repulsive terms, respectively. The potential parameters employed in the simulation are shown
in Table 1.
In this work, using Monte Carlo molecular simulation method, we study first the underlying mechanism of Camontmorillonite swelling with increasing hydrated degree in the presence of carbon dioxide particles. Thereafter, we
determine the structure and mobility of carbon dioxide in the interlayer region of calcium montmorillonite hydrated clay
by means of Molecular Dynamics simulation method.
3. Results and discussions
3.1. Swelling of montmorillonite at elevated pressures and temperatures
We perform here three different sets of simulations on the clay–carbon dioxide system starting from the structure of
dehydrate state (no water) but 32 carbon dioxide molecules and then a one-layer hydrate having 32 water molecules
rising to a two-layer with 64 water molecules, through three-layer with 96 water molecules. Each one was studied at
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Table 2
Calculated clay layer spacing (Å) for hydrated Ca-montmorillonite with carbon dioxide particles as a function
of depth.
Depth/km

0-layer (O–H2 O)
layer spacing (Å)

1-layer (32-H2 O)
layer spacing (Å)

2-layer (64-H2 O)
layer spacing (Å)

3-layer (96-H2 O) layer
spacing (Å)

0.0
3.0
6.0

13.97
14.04
14.44

15.70
16.75
17.38

18.86
19.61
21.05

21.36
22.21
23.65

Table 3
Calculated clay layer spacing for 2-layer hydrated Ca-MMT with Carbon dioxide particles as a function of
depths compared to hydrated K-, Li- and Na-MMT.
Depth/km

2-layer Ca-MMT
layer spacing (Å)

2-layer K-MMT
layer spacing (Å)

2-layer Na-MMT
layer spacing (Å)

2-layer Li-MMT layer
spacing (Å)

0.0
3.0
6.0

18.93
19.61
20.81

19.12
19.97
21.39

18.87
19.69
21.00

18.90
19.71
20.94

different temperatures and stresses, chosen to correspond to specific burial depths of 0, 3 and 6 km under gradients of
150 bar km−1 and 30 K/km. The number of carbon dioxide molecules was keeping to 32 for all these simulations. The Monte
Carlo simulation on each set resulted in an equilibrium layer spacing as shown in Table 2. The calculated layer spacing was
found to increase with burial depths. The layer spacing increases when it adsorbs more and more water molecules for the
same temperature and stresses conditions. In Fig. 1 we show the structure of Ca-MMT as prototype, in different hydration at
room temperature. The layer spacing for a smectite clay depends upon several variables: the temperature, applied pressure,
water chemical potential, the magnitude and location of the negative clay layer charge, the identity of the charge-balancing
cations that reside in the interlayer. Mooney et al. [15] and Brindley et al. [16] have found that in the presence of water these
cations tend to hydrate, thereby forcing the clay layers apart in a series of discrete steps.
Let us explain in the following the resulting phenomena in the Monte Carlo simulations. As the temperature and pressure
increase, the vibration of cations and water molecules becomes more and more important, which will generate pressure on
the clay lattice and try to push the neighbouring clay layers apart. On the other hand, the van der Waals interaction between
the neighbouring clay layers as well as the Coulombic force generated by the cations located in the interlayer space of clay
will keep the layer together.
At low hydrated state, the interlayer space of the clay is small, the van der Waals and Coulombic interactions are relatively
important. Since the number of water molecules is small and the vibration force will be weak, it is difficult to separate the
neighbouring clay layers especially in z-direction. In contrast, at high hydrated state, the z-distance between neighbouring
clay layers is big and the interlayer force becomes weak as well, what means that the layers will be separated easily. With
increasing temperature, the vibration of numerous water molecules as well as the cations will be important enough to push
the neighbouring clay layers apart. Therefore, the swelling behaviour of the highly hydrated clay is obvious under the effect
of temperature and pressure.
In Table 3 the calculated layer spacing is compared to that of 2 layers hydrated K-MMT, Li-MMT and Na-MMT. We found
that the layer spacing of 2-layer hydrated Ca-MMT is consistently lower than that with monovalent cations. This behaviour
is generally caused by charge number; the divalent Ca2+ cations can adsorb more water molecules around than monovalent
cations. The number of the double valent cation is the half of the monovalent ions.
3.2. Carbon dioxide and water distribution and mobility
The density profiles carbon atoms of CO2 molecules in three different depths for one layer hydrate system are plotted
in Fig. 2, where z coordinate represents the distance to the mid-plane of solid layer. The typical layer spacing for one-layer
hydrate systems is of the order of 16 Å. There are two large atom density peaks close to the layer surface. In the interlayer
space, we can distinguish two major regions, one is near the layer surface and another is in the less structured inner layer.
As an increase in the interlayer space width with a fixed number of CO2 , the density profile begins to have the third large
atom density peak in the middle of interlayer space for two layer hydrate system (Fig. 3). There is a gradual tendency of CO2
particles to loose coordination to oxygen surface, and become more fully solvated to water molecules. We may see from
Fig. 4 that there are four large atom density peaks for carbon atoms, two close to the layer surface and two to the interlayer
space. This is due to the expansion of interlayer region.
The carbon atom density profile has only one major peak near the surfaces, while oxygen atoms in CO2 molecules form
a small peak just near to the biggest one. That means the Oc–C–Oc vector is tilted from the normal surface, there exists a
specific CO2 orientation. We have shown in Fig. 5 the atomic density profiles for oxygen atoms near the MMT surface for
1-, 2- and 3- layer hydrates for a burial depth of 3 km. We found the same behaviours for oxygen atoms compared with
carbon atoms. In low hydrate state, the contribution of CO2 particles in the interlayer region is near to the layer surface.
With increasing the number of water molecules, a part of CO2 molecules approaches to the mid plane of interlayer region.
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Fig. 1. Relaxed structure of dehydrate, monolayer hydrate, two-layer hydrate and three-layer hydrate Ca-Wyoming montmorillonite with sequestrated
CO2 .

Therefore we can see the third big peak in the middle of interlayer region for two layer hydrate system, other four peaks
appear for the three layer hydrate system, two big peaks near each layer surface and another two located nearby the mid
plane of interlayer region.
The water molecules in Ca-MMT interlayer region were also observed to bond with the clay oxygen surface. This is evident
from Fig. 6 showing the density profile for water molecules in the one-, two-, and three-hydrated forms as a function of burial
depths. The relative position of layered water molecules to the Ca-counterions and carbon dioxide particles is shown in Fig. 1.
The molecular dynamics simulation method is performed to predict the self-diffusion behaviour of interlayer water,
carbon dioxide and calcium ions. The calculated self-diffusion is shown in Table 4. Since there are no many corresponding
experimental results to make comparison, we have used some other simulation results, such as the diffusion coefficients of
water and calcium counterions in 1-, 2- and 3- layer hydrated Ca-montmorillonite obtained by Zheng et al. [17,18], and the
diffusion coefficients of interlayer water and carbon dioxide in Na-montmorillonite at T = 348.15 K for 25 bar and 125 bar
reported by Botan et al. [2]. Although our results do not correspond exactly to these simulations, our calculated values are
of the same order of magnitude. The difference is due to the different temperature and pressure as well as the employed
simulation conditions.
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Fig. 2. Density profiles for Carbon atoms as a function of distance from mid-plane of solid layer at different burial depths for one layer hydrate system.

Fig. 3. Density profiles for Carbon atoms as a function of distance from mid-plane of solid layer at different burial depths for two layer hydrate system.

Table 4
Self-diffusion coefficients (in 10−9 m2 /s) for interlayer water, carbon dioxide and Ca2+ in hydrated Ca-montmorillonite as a function of burial depth.
T , P, depth

280 K, 1 bar, 0.0 km
370 K, 450 bar, 3.0 km
460 K, 900 bar, 6.0 km

1 layer (32 H2 O, 32 CO2 )

2 layer (64 H2 O, 32 CO2 )

3 layer (96 H2 O, 32 CO2 )

DH 2 O

DCO2

Dca

DH2 O

DCO2

Dca

DH 2 O

DCO2

Dca

0.084
0.200
0.627

0.138
1.954
3.210

0.001
0.041
0.010

0.346
1.863
3.890

0.605
2.171
6.060

0.011
0.026
0.076

0.813
2.332
7.460

0.892
2.320
5.010

0.086
0.155
0.520

The diffusion of water molecules increases with the quantity of water content. The same phenomenon occurs for the
diffusion of interlayer carbon dioxide and calcium ions in different hydrate system. Obviously, the quantity of water content
in the clay plays an important role on the diffusion behaviour of interlayer water molecules, carbon dioxide and calcium
ions. At one layer hydrate states, we have the same number of water and carbon dioxide molecules, but the transport of
water molecules is slower than that of carbon dioxide for different burial depth. This is obvious from the comparison of
calculated radial distribution functions of Ca–OW and Ca–CO2 (Figs. 7 and 8(a)). The radial distribution functions for the
Ca–CO2 pairs at one layer hydrates for different burial depth are shown in Fig. 7. The first peaks in the Ca–Oc and Ca–C RDFs
occur at approximately 4.87 Å and 5.87 Å for burial depth of 0 km, 5.07 Å and 5.92 Å for burial depth of 3 km, 5.02 Å and
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Fig. 4. Density profiles for Carbon atoms as a function of distance from mid-plane of solid layer at different burial depths for three layer hydrate system.

Fig. 5. Density profiles for carbon and oxygen atoms in carbon dioxide molecules as a function of distance from mid-plane of solid layer at different layer
hydrate system for burial depth of 3 km.

6.02 Å for burial depth of 6 km, respectively. The first peaks for Ca–OW in one layer hydrate system are situated at 2.47 Å
for all the three different burial depths shown in Fig. 8(a). The nearest-neighbour coordination number can be calculated
by integrating over the first peak of the correlation function. The value of the first peak for Ca–OW RDFs is much larger than
that of Ca–CO2 peaks. That means the number of water molecules attracted by calcium ions is more than the one of carbon
dioxide particles. This makes water molecules and cations diffuse more difficultly than the Carbon dioxide molecules.
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Fig. 6. Density profiles for water molecules as a function of distance from mid plane of solid layer at different burial depths for (a) one-, (b) two-, and
(c) three layer hydrates.

Fig. 7. Radial distribution functions for Ca–CO2 interactions at one layer hydrate system for (a) burial depths of 0 km, (b) burial depths of 3 km and
(c) burial depths of 6 km.

The interactions between interlayer particles are generated by the vibration of interlayer particles. This vibration is
affected by system conditions like temperature, pressure, quantity of water molecules and interlayer space, etc. At lower
depth, the temperature and pressure is relatively lower, which makes small vibration of interlayer particles. The interaction
between water and other interlayer particles generated by the vibration is weak. Therefore, the movement of interlayer
particles is relatively slow. The calculated self-diffusion coefficients in one layer hydrate system are found 0.08 × 10−9 m2 /s,
0.13 × 10−9 m2 /s and 0.02 × 10−9 m2 /s for interlayer water molecules, carbon dioxide molecules and calcium ions,
respectively. With the increase of depth, higher temperature and pressure make interlayer particle to vibrate roughly. At
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Fig. 8. Radial distribution functions for Ca–OW interactions at different burial depths for (a) one-, (b) two-, and (c) three-layer hydrates.

6 km depth interlayer particles were noted to move faster with DH2 O = 0.62 × 10−9 m2 /s, and DCO2 = 3.21 × 10−9 m2 /s.
At high hydrate state, the interlayer spacing of high hydrate system is large enough, which allows the interlayer particles
to diffuse freely. Water quantity is large and the interactions between water molecules and carbon dioxide and counterions
are strong to make them move quickly.
The results obtained by Zheng et al. [17] (see also Refs. [19–22] for additional evidence) given in Table 5 are compared
with our simulation results which indicate that the presence of carbon dioxide molecules reduces the mobility of interlayer
water and calcium ions. These simulations are performed in conditions similar to our burial depth of 0 km (T = 300 K
and P = 1.0 bar). For one layer hydrate CO2 –H2 O-MMT system of Botan et al. [2], the simulation conditions are T =
348.15 K P = 25 bar or P = 125 bar, which correspond to our conditions between burial depth of 0 km and 3 km. The rates
of movement of carbon dioxide molecules were found between that of our results at 0 km depth and 3 km depth, ranging
from 0.138 × 10−9 m2 /s to 1.954 × 10−9 m2 /s, respectively. The same behaviour for two layer hydrate CO2 –H2 O-MMT
system, DCO2 = 1.6 × 10−9 m2 /s for P = 25 bar and DCO2 = 1.5 × 10−9 m2 /s for P = 125 bar were found in the range of
0.605 × 10−9 m2 /s and 2.171 × 10−9 m2 /s in our simulation for two layer hydrate system at 0 km depth and 3 km depth,
respectively.
The burial depth and hydration degree of the system play an important role on the mobility of interlayer particles. With
the rise of water content, self-diffusion coefficient of interlayer particles tends to increase. The mobility of interlayer particles
increases due to an increase of hydrophobic interaction as the depth is increased from 0 km to 3 and 6 km. For mobility of
water molecules, the burial depth and hydration degree have the same importance. However, compared to water content,
the burial depth seems to have more influence on the mobility of carbon dioxide molecules. The carbon dioxide diffusion
coefficient has a spectacular rise from 0.605 × 10−9 m2 /s at zero depth, to 6.060 × 10−9 m2 /s at 6 km for two layer hydrate
system. However, carbon dioxide self-diffusion coefficients show a rather unspectacular rise at burial depth of 3 km for
example, from 1.954×10−9 m2 /s at one layer hydration, to 2.171×10−9 m2 /s at two layers hydration and 2.320×10−9 m2 /s
at three layers hydration.
The self-diffusion coefficients of carbon dioxide molecules in zero hydrate system have been calculated at different burial
depth. The obtained results are 0.061 × 10−9 m2 /s for zero km, 0.230 × 10−9 m2 /s for depth of 3 km and 0.630 × 10−9 m2 /s
for depth of 6 km. There is no much difference between the calculated results for one layer hydrate system.
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Table 5
Simulation result of diffusion coefficient of water, carbon dioxide and cations in different hydrate
montmorillonite presented by Zheng et al. [17] and Botan et al. [2].
DH 2 O
One layer hydrate Ca–H2 O-MMT
T = 300 K P = 1.0 bar [17]
Two layer hydrate Ca–H2 O-MMT
T = 300 K P = 1.0 bar [17]
Three layer hydrate Ca–H2 O-MMT
T = 300 K P = 1.0 bar [17]
One layer hydrate Na–CO2 –H2 O-MMT [2]
T = 348.15, P = 25 bar
One layer hydrate Na–CO2 –H2 O-MMT [2]
T = 348.15, P = 125 bar
Two layer hydrate Na–CO2 –H2 O-MMT [2]
T = 348.15, P = 25 bar
Two layer hydrate Na–CO2 –H2 O-MMT [2]
T = 348.15, P = 125 bar

DCO2

Dcations

0.295

0.003

0.752

0.042

1.103

0.635

0.51

0.24

0.19

0.32

0.17

0.13

3.50

1.60

1.30

3.20

1.50

1.40

4. Conclusion
Monte Carlo and molecular dynamics simulations have been used to study the structure and dynamics of carbon dioxide
molecules in hydrated Ca-montmorillonite clays under conditions encountered. Monte Carlo simulations were used to add
the water and carbon dioxide molecules into the interlayer space. The calculated layer spacing was found to increase with
burial depths. The layer spacing increases when it adsorbs more and more water molecules for the same temperature and
stress conditions.
The burial depth and hydration degree of the system play an important role on the mobility of interlayer particles. With
the rise of water content, self-diffusion coefficient of interlayer particles tends to increase. At low hydrate system, CO2
molecules are located close to the clay surface with the linear O=C=O slightly tilted relatively to the surface. In the two
layers and three layers hydrate system, the interlayer region is large enough to allow a part of carbon dioxide molecules
to move to the centre of interlayer. However, compared to water content, the burial depth seems to have more influence
on the mobility of carbon dioxide molecules. The presence of interlayer CO2 inhibits the diffusion of all the mobile species.
These results mainly show that the hydrated clay system is capable to sequestrate CO2 molecules.
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