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Abstract

In the present work, we performed a molecular dynamics (MD) simulation of Na-montmorillonite (Na-Mt) in non-

ambient environment under the crystalline swelling to evaluate the effect of temperature and inorganic salts addition 

on the interlayer structure and the swelling behavior of Na-Mt. The activities of inorganic salts (NH
4
Cl, AlCl

3
, MgCl

2
 

and FeCl
3
) on the hydration process of Na-Mt at high temperatures (200, 300, 400, 500, and 600 K) and high pressure 

(HTHP) of P=6 GPa in an isobaric isothermal ensemble (NPT) were investigated. The results showed that addition of 

inorganic salts into Na-Mt enhanced mobility of the interlayer species, and shrunk the hydration shell of the interlayer 

ions with a rise in temperature. The salts inhibited swelling by reducing the mobility of the interlayer species and the 

basal spacing. The type of cations present between the layers, their hydration energies affected the structure and 

properties of Na-Mt. Chlorine played an important role in the inhibition process of inorganic salts by exerting strong 

attractive forces on interlayer H
2
O molecules. Compared with the other salts, the most stable state of Na-Mt at HTHP 

is achieved with NH
4
Cl. These results could help a better understanding of the inhibition effect of inorganic salts on 

Na-Mt and predict the hydration process of Na-Mt at HTHP for further improvement of its structure.

Highlights

• Cl anion hydration energy change is more evident with salt type than temperature

• Inorganic salt and temperature increase shrink the hydration shell of interlayer ions 

• NH
4
Cl addition provides a good inhibition at high temperature and high pressure

• Increasing temperature and hydration degree promote the cation exchange process
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Introduction

Clay minerals are �ne grained, poorly crystalline, porous and 
ubiquitous materials found in large quantities in the earth’s geologic 
deposits, terrestrial weathering environments and marine sediments. 
Swelling clay mineral play important roles in many engineering 
applications including environmental remediation, clay mineralogy, 
repository design for nuclear waste disposal, sedimentary geology, 
abnormal subsurface pressure, borehole stability in drilling operation 
and as additives for numerous industrial processes and commercial 
products [1]. Inorganic salts are extensively used to lower water 
retention in clay by mechanism of ion adsorption on clay surface and 
osmotic pressure, minimizing the hydration of argillaceous formations 
in the well [2]. �e swelling properties of clay minerals are in�uenced 
by several factors such as thermodynamic variables (temperature, 
external pressure, water chemical potential, and osmotic pressure) [3,4] 
and structural variables (layer charge, charge location and interlayer 
cations) [4,5]. Montmorillonite (Mt) belongs to the smectites class of 
clay family that comprises tetrahedral and octahedral sheets in a 2:1 
ratio. �ey consist of two tetrahedral sheets separated by an octahedral 
sheet. Isomorphic substitution of Mg2+ for Al3+ in octahedral site and 
Al3+ for Si4+ in tetrahedral results the negative charges in Mt which are 
balanced by the inorganic cations such as Na+, K+, Ca2+ [6]. In water 
solution, these counter ions are exchangeable with other cations by 
the ions exchange (CEC) process. In contact with water and polar 
solvent, Na-Mt has a high ability to swell and exhibits two di�erent 
regimes which are crystalline and osmotic swellings [7-9]. �ese 

characteristics are well known from experimental and simulation 
studies under ambient temperature and pressure [10,11], but less are 
known at HTHP [12]. To understand the swelling behavior and the 
e�ect of inorganic salts addition on Na-Mt, there is need to analyze 
the mechanism of water adsorption and the impact of the salts on its 
surface to gain knowledge of the structural and thermodynamic factors 
[13,14]. Stefani et al. [15] used X-ray di�raction and scanning electron 
microscopy with energy dispersive X-ray spectroscopy to study the 
stability of Mt structure saturated with lanthanum at high pressure 
(up to 12GPa) and room temperature and high pressure and high 
temperature. Huang et al. [16] employing real-time di�raction and 
X-rays from the Cornell High Energy Synchrotron Source (CHESS) 
showed that montmorillonite hydrate with three water layers was 
stable at most T-P conditions found in sedimentary environments. 
Camara et al. [17] by molecular dynamics simulation showed the great 
impact of inorganic salt (NaCl, KCl, CaCl

2
) addition on hydrated Na-



Citation: Camara M, Liao H, Xu J, Ding T, Swai R, et al. (2019) Effects of Inorganic Salts Addition on Na-montmorillonite Clay at High Temperature 

and High Pressure: Insights from Molecular Dynamics Simulation. J Material Sci Eng 8: 525. 

Page 2 of 13

Volume 8 • Issue 3 • 1000525J Material Sci Eng, an open access journal
ISSN: 2169-0022 

Mt at HTHP. Colten [18] studied the hydration state of Na-saturated 
montmorillonite at elevated temperatures and water pressures using 
HTHP device to demonstrate that montmorillonite with two layer of 
water was stable at temperature between 50 and 200°C and pressure up 
to 456 bars. Tuck et al. [19] in their experimental study used the quasi-
elastic neutron scattering to measure the di�usion of water molecules 
in a two layered Ca-Mt at three di�erent temperatures. Jiafang Xu et 
al. [20] have investigated the swelling behavior of hetero-ionic Na/Cs-
Mt, Na/Mg-Mt and compared them with those of the homo-ionic Na-, 
Cs-, Mg-Mt through a molecular dynamics simulation. Morodome and 
Kawamura [21] have used the X-ray di�raction at temperature up to 
150°C to investigate the swelling behavior of Na-, Ca- Mt. de Carvalho 
and Skipper [12] have performed a Monte Carlo simulation in the grand 
canonical ensemble to investigate the stability of K-Mt hydrates under 
353 K and 625 bar. Zheng and Zaoui [22] have employed molecular 
dynamics simulation to study the e�ect of temperature on the di�usion 
of water and monovalent counter ions in hydrated montmorillonite 
under temperature range between 260 and 400 K. Several studies have 
contributed to our understanding of Clay-H

2
O-shale inhibitor system, 

but few comparative studies of salts e�ect on Na-Mt swelling inhibition 
have been investigated at microscopic level. �e purpose of this study 
is to examine the swelling characteristics of Na-Mt at HTHP in the 
regime of crystalline swelling with inorganic salts and to predict the 
essential feature of inorganic salts as swelling inhibitors. �e e�ect of 
temperature and pressure on the mobility of interlayer species, the 
interaction between water-oxygen and interlayer ions, the e�ect of 
inorganic salts on the stability of Na-Mt and the changes that occurred 
on its structure at increasing temperature and constant pressure are 
studied.

Methodology

System set up

�e clay mineral used in this study was taken from the model 
derived by skipper and co-workers [7]. �e unit cell formula is:

[ ]( ) ( )0.75 7.75 0.25 3.25 0.75 20 4
Na Si Al Al Mg O OH                    (1) 

Na-Mt model was constructed, and the atomic coordinates were 
derived from the space group of monoclinic C2/m with a=5.23 Å, 
b=9.06 Å, c=9.60 Å (with no water in interlayer spaces), c value changed 
with water molecule content between the layers, α=90o, β=99.00o, 
γ=90o, and the symmetrical L2PC structure. �e clay mineral layers 
were considered as rigid molecules and mirror image. 

�e atomic charge assigned to each atom sites in the clay were given 
by Smith [23]. Based on the primitive unit cell, the supercell of the model 
(8a×4b×1c) was built (Figure 1). �e measure of the three-dimensional, 
periodic boundary conditions applied to the system was 41.84 × 36.24 
Å2, which consists of 1280 atoms in the clay mineral layers equivalent 
to 32 unit cells and 24 atoms of sodium. Based on this formula, our 
clay sheets with 32 unit cells have 16 isomorphic substitutions of Al by 
Mg ion in the octahedral sheets, 8 isomorphic substitutions of Si by Al 
ion in the tetrahedral sheets, and 24 compensating Na cations in the 
interlayer region. 

Molecular dynamic simulation 

Molecular dynamics simulation was performed under the module 
“Forcite” of Materials Studio 7.0 so�ware to investigate the e�ect of 
inorganics salts on the hydration process of Na-Mt at HTHP. �e 
interaction between the atoms was described by Universal Force Field 
(UFF) which is a wider applicable force �eld, and its parameters spread 

all over the entire element of the periodic table [24]. Metal-Oxygen 
interactions were based on a Lennard-Jones potential combined with 
electrostatics. For the water behavior SPC/E model of Berendsen 
et al. [25] was used. �e simulation was carried out at P=6 GPa and 
temperature changing from 200 to 600 K in the isobaric isothermal 
ensemble (NPT), in which the temperature and pressure were constant 
via a Nose-Berendsen thermobraostat, while the volume of the system 
was allowed to vary [26,27]. We chose to output the atomic positions 
every 1.0 fs during production runs, the total simulation time were set 
to 2000 ps, the number of steps was 2,000,000, and the frame output 
was obtained every 5000 steps. �e short range van der Waals forces 
were applied with a 15.5 Å cut-o� distance. To calculate the long 
range electrostatics, the Ewald summation method was used. �e total 
potential energy was given by the summation of all interaction sites of 
the system [23]:

12 6

i j ij ij
ij

ij ij iji j

q q
U 4

r r r

  σ σ    = + ε −           
∑∑                    (2)

Where q
i
 and q

j
 are the charges on atoms i and j, r

ij
 is the distance 

between atoms i and j, ε
ij
 and σ

ij
 are Leonard-Jones parameters deduced 

from Lorentz-Berthelot rule. All the interaction terms of Leonard-
Jones are from combination of these relationships [23]:

σ
ij
 =1/2(σ

i 
+ σ

j
)                     (3)

ij i jε ε ε=                       (4)

�e potential parameters used for oxygen and hydrogen were those 
used in water [28]. �e method of velocity initialization used for the 
dynamics calculation was Random. �e water contents considered in 
these simulations were 4, 8 and 12 water molecules per unit cell (128, 
256 and 384 H

2
O molecules), corresponding to one-, two- and three 

water layers, respectively, and the initial basal spacing were 12.5 Å, 15.5 
Å and 18.5 Å for one-, two- and three- water layers systems [29]. From 
the output data obtained, radial distribution functions (RDF), basal 
spacing, total energy and di�usion coe�cient pro�les were calculated.

Analysis of simulation results

�e basal spacing (c) was calculated from the NPT simulations

c = < V > / (2⨯S)                   (5)

where < V > denotes the statistically averaged volume of the simulated 
system, and S is the basal surface area.

Figure 1: A snapshot of Na-Mt 32 unit cells (a), tetrahedral Si (yellow), O (red), 

H (white), octahedral Al (pink), Mg (green), interlayer Na cations (violet): (b), (c) 

and (d) are 1-,2-, and 3 water layers of Na-Mt.
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[17]. �e decrease of their hydration shell in this process facilitated 
the motion of both H

2
O molecules and interlayer ions because of the 

weakening of the attractive forces and the hydrogen bonds formed 
between H

2
O molecules in the interlayer space. �e interlayer ions 

are surrounded by H
2
O molecules and exerted strong electrostatic 

attraction forces on them in one hydration layer than in two and 
three hydration layers as indicated by the intensity of the RDF peaks 
obtained in one hydration layer compared with those of two and three 
hydration layers. �e position of the RDF peaks of Na-Ow, NH

4
-

Ow, Mg-Ow, Al-Ow and Fe-Ow were almost the same for the three 
hydration states a�er FeCl

3,
 MgCl

2
, NH

4
Cl, and AlCl

3
 addition (Figures 

3, 4 and S1, S2) and the average distance obtained were 2.23, 1.92, 2.25, 
2.53 and 2.87 Å, respectively. �ose of Cl-Ow were 2.64, 2.68, 2.72, 
2.78 Å for NH

4
Cl, AlCl

3
, MgCl

2
 and FeCl

3
, respectively. �ese results 

show that temperature change and inorganic salts addition do not have 
signi�cant e�ects on the hydration energy of the interlayer cations, and 
also that the type of inorganic cations has a signi�cant e�ect on the 
hydration energy of Cl anions.

�e hydration energy of Cl anions obtained a�er NH
4
Cl addition 

was higher than those obtained with AlCl
3
, MgCl

2
 and FeCl

3
 

respectively. NH
4
 cations had the least radius and attractive forces on 

H
2
O molecules and hence lowest hydration energy compared to Fe and 

Mg cations, and least binding forces on H
2
O molecules compared to 

Fe, Mg, and Al. Al cations had the lowest hydration energy compared 
to the four cations despite their size and valence. NH

4
 cations di�used 

close to the clay surfaces and Cl anions di�used in the outer-sphere 
complexes where they shared interlayer H

2
O molecules with only Na 

cations a�er NH
4
Cl addition. �is phenomenon was also observed for 

Al cations which di�used in the inner sphere complexes a�er AlCl
3 

addition. Comparing the RDF of Na-Ow and Cl-Hw a�er adding 
the salts with those of NH

4
-Ow, Mg-Ow, Al-Ow, and Fe-Ow, it was 

observed that RDF peaks of Cl-Hw obtained for NH
4
Cl addition was 

higher than those of AlCl
3
, MgCl

2
 and FeCl

3
, indicating that Cl anions 

attracted more H
2
O molecules in the hydration shell a�er the addition 

of NH
4
Cl than the other three inorganic salts.

�is result shows that Cl anions exert good inhibition e�ect on 
H

2
O molecules by attracting them when NH

4
Cl is added. Na cations 

attracted H
2
O molecules in their surrounding in one hydration layer 

with FeCl
3
 addition than AlCl

3
, NH

4
Cl and MgCl

2 
due to the restricted 

layer spaces caused by the attractive forces exerted by Fe cations on clay 
surfaces in two and three hydration layers for NH

4
Cl than for FeCl

3
 

MgCl
2
, and AlCl

3
 addition because Na cations moved from the inner 

sphere complexes to the outer sphere complexes due to the exchange 
of Na by NH

4
 cations. Na cations certainly di�used in the outer sphere 

complexes a�er salts addition and remained hydrated irrespective of 
the type of salts, however, the presence of inorganic salts and the rise in 
temperature minimized the hydration degree of Na cations. In the case 
of the RDF of NH

4
-Ow, Mg-Ow, Al-Ow, and Fe-Ow, it was observed 

that the RDF peaks obtained for NH
4
-Ow were smaller than those of 

Al-Ow, Mg-Ow and Fe-Ow cations, indicating that Fe cations were 
more hydrated in the interlayer of Na-Mt and exerted strong attractive 
forces on H

2
O molecules than Mg, Al and NH

4
 cations. 

Less H
2
O molecules are in the hydration shell of Al than Mg 

and Fe cations but attracted more H
2
O molecules there than NH

4
 

cations which di�used in the inner sphere complexes where they were 
attracted by the negative charged clay surfaces to form coordination 
cages with siloxane oxygen atoms than H

2
O molecules [20]. Al cations 

certainly di�used close to the clay mineral surface, where they are less 
coordinated by H

2
O molecules. 

�e RDF of water molecules around the interlayer cations was 
calculated as [30]:

( ) ( )21 / 4  /g r r dN drπρ=                       (6)

where ρ is the number density of water molecules, dN is the average 
number of particle of water molecules lying at the region of r + dr from 
a cation. N is the coordination number n(r) of water molecules around 
the cation.

�e self-di�usion coe�cient D of the interlayer species was 
calculated with a two-dimension Einstein relation. 

21 / 4 / (t)D d dt r= < >                       (7)

Where <r(t)2> is the mean square displacement of the particle 
de�ned by r(t)=R(t)-R(0), with R(t) is the particle position at time t, 
and R(0) is the initial particle position.

Results and Discussion

Interaction between interlayer ions and water molecules

�e e�ect of temperature increase on the interaction between 
interlayer ions and H

2
O molecules was investigated by analyzing the 

RDF between ions and H
2
O molecules’ oxygen (O

w
) and hydrogen 

(H
w
), and their coordination numbers. �e results showed that the rise 

in temperature reduced the attractive forces exerted by interlayer ions 
on H

2
O molecules a�er inorganic salts addition (Figure 2). �e RDF 

peaks of Na-Ow, NH
4
-Ow, Mg-Ow, Al-Ow, Fe-Ow and Cl-Ow in one, 

two and three hydration layers of Na-Mt with inorganic salts decreased 
with the rise in temperature from 200 to 600 K (Figures 3-5 and S1-S3).

�is decrease can be explained by the reduction of the amount of 
H

2
O molecules around the interlayer ions due to the weakening of the 

electrostatic attractive forces between them and H
2
O molecules (Figure 

2a and b), and between the negative charged layers and interlayer 
species when the temperature and the hydration degree increased 

Figure 2: Change in the coordination shell of interlayer ions with the rise in 

temperature, white and red stick=H
2
O molecules, purple=cations and green= 

anion.
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Interaction between interlayer water molecules

Inorganic salts addition caused a decrease in the RDF peaks of H
2
O 

oxygen with the rise in temperature and hydration degree (Figures 5-8 
and S4-S6). H

2
O molecules are well organized in one hydration layer 

than in two and three hydration layers, due to the restricted geometric 
of clay layers. As the temperature and the amount of H

2
O molecules 

increase, the swelling pressure increases reducing the con�nement 
e�ect of clay layers, leading to the increase in the mobility and distance 
between them. �e structure of H

2
O molecules was mainly a�ected 

by the formation of hydrogen bonds between them and clay surfaces 
[31]. However, with the rise in temperature and hydration degree, the 
hydrogen bonds between H

2
O molecules, the electrostatic attractive 

forces exerted by inorganic cations, and the negative charged clay 
surfaces on H

2
O molecules became weak, leading to the reduction of 

the electrostatic interaction between interlayer species, and interlayer 
species - clay surfaces. �e distance between H

2
O molecules are almost 

the same in each layer a�er inorganic salts addition, and the average 
distances are 3.11, 3.07, 2.99 and 3.13 Å for NH

4
Cl, MgCl

2
, AlCl

3 
and 

FeCl
3
, respectively. �is result indicates that H

2
O molecules remained 

close to each other despite the rise in their mobility as the temperature 
increases. �e highest RDF peak of Ow-Ow obtained in the case of 
NH

4
Cl addition, implying that H

2
O molecules are more clustered in 

the interlayer of Na-Mt than in the case of any other salts due to the 
presence of Cl anions which exerted strong attractive forces on them.

Hydration state of the interlayer ions

�e hydration state of both inorganic cations and anions was 
investigated by calculating the coordination number, which gives 
clear ideas about the number of H

2
O molecules around them as the 

temperature was increased (Figure 2). A�er adding inorganic salts 
into Na-Mt at increasing temperature and constant pressure, the 
coordination number of inorganic ions decreased from 200 to 600 K 
and the hydration degree (Figures 6 and 7) [17,32]. As temperature 
increases binding and electrostatic forces between inorganic ions 
and H

2
O molecules and between H

2
O molecules become weaker, 

and H
2
O molecules coordinated to inorganic ions detached leading 

to the enhancement of their mobility between the layers [28]. �e 
coordination number of Fe cations was higher than those of Mg, Al and 
NH

4
 cations (Figure 6), and that of Cl anions a�er NH

4
Cl addition was 

also higher than those of AlCl
3
, MgCl

2
 and FeCl

3 
(Figure 7), indicating 

that these two ions attracted more H
2
O molecules in their hydration 

shell than others ions. �ese results show that NH
4
Cl had a good 

inhibition e�ect on the hydrated Na-Mt due to the low hydration state 
of NH

4
 cations and the high attractive forces exerted by Cl anions on 

H
2
O molecules a�er NH

4
Cl addition.

Di�usion of interlayer species in hydrated Na-Mt

A�er adding salts into Na-Mt, the mobilities of Na, NH
4
, Mg, Fe 

cations, Cl anions and H
2
O molecules increased in each hydration 

.
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Figure 3: RDF of Na-Ow cation after NH
4
Cl and MgCl

2
 addition; (a), (b), (c) and (d), (e), (f) represent 1-,2-,3 hydration layers of Na-Ow after NH

4
Cl and 

MgCl
2
 addition, respectively.
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Figure 4: RDF curves of Mg-Ow and NH
4
-Ow; (a), (b), (c) and (d), (e), (f) represent 1-,2-,3 hydration layers of NH

4
-Ow and Mg-Ow after M gCl

2
 and NH

4 
Cl 

addition, respectively.
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Figure 5: RDF of Cl-Hw cation after NH
4
Cl and AlCl

3
 addition; (a), (b), (c) and (d), (e), (f) represent 1-,2-,3 hydration layers of Cl-Hw after NH

4
Cl and AlCl

3
 addition, 

respectively.
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Figure 6: Ion coordination number of interlayer inorganic cations after inorganic salts addition; (a), (b), (c) represent 1-, 2-, and 3 hydration layers respectively.
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Figure 7: Ion coordination number of Cl anions after inorganic salts addition; (a), (b), (c) represent 1-, 2-, and 3 hydration layers respectively.
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layer with the rise in temperature (Figures 9-12). �is increase in their 
mobility was due to the decrease of the electrostatic forces between 
them and between the clay surfaces and interlayer species when 
temperature was increased. Low mobility of the interlayer species 
was observed in the three hydration states from 200 to 300 K due to 
the restricted geometry of the interlayer spaces, the attractive forces 
exerted by clay surface on them and the increase of the interaction 
between interlayer species. Na cations hardly di�used a�er NH

4
Cl 

and MgCl
2
 (Figure 9a and 9b) addition because of the bounded H

2
O 

molecules, the electrostatic forces exerted by Cl anions and clay 
surfaces on them and the large hydration shells of Mg, NH

4
 cations 

and Cl anions which obstructed their mobility in the interlayer. Figure 
9b to 9d show that the mobility of Na cations was independent of the 
hydration degree because of the inhibition e�ect of AlCl

3,
 MgCl

2
 and 

FeCl
3
 on the mobility of Na cations. It was dependent on the position 

of Na cations when the hydration shell of Mg, Fe and Al cations were 
formed, and became lower in the outer-sphere complexes where they 
were in contact with H

2
O molecules, Cl anions and inorganic cations, 

and higher in the inner-sphere complexes where they interacted with 
clay surfaces and H

2
O molecules oxygen’s.

In the same range of temperature, the decrease of the mobility of 
inorganic cations, Cl anions and H

2
O molecules was also observed, and 

was due to the increase of their hydration shells, which were the result 
of their strong electrostatic attractive forces exerted on H

2
O molecules 

and the number of hydrogen bonds formed between H
2
O molecules 

because of the strong electrostatic forces exerted by clay surfaces and 
between interlayer species. Mg, Fe cations and Cl anions di�used in the 
outer sphere complexes and exerted strong attractive forces on H

2
O 

molecules leading to the formation of large hydration shells which 
obstructed their mobility [20]. Whereas NH

4
 and Al cations di�used in 

the inner-sphere complexes where they were attracted by both negative 
charged clay surface and H

2
O molecules, delaying their movement in 

the interlayer spaces.

With increasing temperature from 300 to 600 K, the mobility of 
interlayer species increased in each hydration layer as a result of the 
weakening of the hydrogen bonds formed between H

2
O molecules, 

the electrostatic forces between interlayer species and between clay 
surfaces and interlayer species, leading to the reduction of the size of 
the interlayer ion’s hydration shell, enhancing the relative mobility of 
H

2
O molecules around the interlayer ions, and thus, enabling their 

free mobility. A comparative analysis of the four salts shows that 
the highest mobility of Na cations is observed in the case of NH

4
Cl 

addition indicating that Na cations become less hydrated a�er NH
4
Cl 

and MgCl
2
 addition than FeCl

3
 and AlCl

3 
addition (Figure 9). But in all 

cases, their di�usion coe�cient was generally weak at low temperature 
in each layer and increased with the rise in temperature. On comparing 
the mobility of inorganic cations, and H

2
O molecules (Figures 10 and 

11) it was observed that the mobility of H
2
O molecules for NH

4
Cl 

addition was higher than those for FeCl
3
, MgCl

2
 and AlCl

3
, and that of 

NH
4
 was higher than those of Mg, Fe and Al cations. �ese results show 

that the attractive forces exerted by clay surfaces on NH
4
 cations and 

those exerted by NH
4
 on interlayers species were not strong enough 

than those of Mg, Fe and Al cations when temperature was increased. 
Figure 10c shows that the mobility of Al cations in two hydration layer 
is lower than that in one and three hydration layers a�er adding AlCl

3,
 

this decrease of the mobility in two hydration layers was due to the 
presence of H

2
O molecules and Cl anions, which interacted with them 

in the outer sphere complexes than in the inner sphere complexes 
where they were in contact with clay surface and H

2
O molecules. �e 

mobility of Cl anions obtained for NH
4
Cl addition was higher than 
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Figure 8: RDF curves of Ow-Ow after NH
4
Cl addition; (a), (b), (c) represent 1-, 2-, and 3 hydration layers respectively. 
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Figure 9: Diffusion coefficient of the interlayer Na cations after inorganic salts addition; NH
4
Cl addition (a), MgCl

2
 addition (b), AlCl

3 
addition (c), and FeCl

3
 addition (d).
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Figure 10: Diffusion coefficient of inorganic cations after salts addition; NH
4
 (a), Mg (b); Al (c), and Fe (d) cations. 
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those obtained for MgCl
2
, AlCl

3
 and FeCl

3
 (Figure 12). �is e�ect was 

due to NH
4
 cations tendency to remain close to the clay sheets, which 

enhanced the attraction of H
2
O molecules by Na cations and Cl anions 

in the outer sphere complexes. �e increase in temperature exerted 
energy to break free these H

2
O molecules from the attractive forces 

of Cl anions, which in turn increased Cl anions and H
2
O molecules 

mobility compared to the other salts addition. �e impact of NH
4
Cl 

addition on the di�usion of H
2
O molecules was observed from 200 

to 300 K (Figure 11a), because at these temperatures their di�usion 
coe�cient was almost the same despite the hydration states of Na-Mt. 
�e same e�ect was observed for K cations when KCl was added into 
Na-Mt at HTHP [17]. �ese observations sum up to a conclusion that 
NH

4
 and K cations have almost the same behaviors in the interlayer 

space despite the di�erence in their physical and chemical properties. 
�e attractive forces exerted by Fe cations on H

2
O molecules were not 

strong enough during the rise in temperature, because of the release of 
more water molecules in their hydration shell compared to Mg and Al 
cations. 

�is phenomenon was observed by the increase in the di�usion 
coe�cient of H

2
O molecules in the case of FeCl

3
 than those of MgCl

2
 

and AlCl
3
 addition (Figure 11). �e reduction of the mobility of H

2
O 

molecules in three and two hydration layers compared to that of 
one hydration layer was due to the inhibition e�ect of FeCl

3
 on H

2
O 

molecules. 

On comparing the impact of NH
4
Cl, MgCl

2
, AlCl

3
 and FeCl

3
 on the 

mobility of H
2
O molecules, it was observed that, MgCl

2 
had the best 

inhibition e�ect on the di�usion of H
2
O molecules when temperature 

increased. �at was con�rmed by the lowest di�usion coe�cient of 
H

2
O molecules, and the di�usion coe�cient approximation for the 

three hydration states than those of AlCl
3
, FeCl

3 
and NH

4
Cl. Mg cations 

exerted stronger attractive forces on H
2
O molecules than Fe, Al and 

NH
4
 cations [33], which was previously for Ca cations with the same 

valence ions [17]. �e increase in temperature and hydration degree 
are important factors a�ecting the cations exchange capacity and the 
amount of guest particles intercalation into Na-Mt [33], because high 
temperature means weak electrostatic interaction and an easier ion 
exchange into Na-Mt would be anticipated.

Total energy of Na-MMT a�er inorganic salts addition 

�e total energy of Na-Mt increased with the rise in the hydration 
degree from one to three hydration layers (Figure 13). As the 
temperature increased, there is a rise in the activities or movement of 
the interlayer species between the layers and the breaking of hydrogen 
bonds network, reducing the electrostatic interaction between 
interlayer species and interlayers species - clay mineral surface. A�er 
the salts addition in each hydrated Na-Mt, the total energy of the 
system decreased and became stable with an increase in temperature. 
�e most stable state of the crystal was had the lowest total energy 
obtained with NH

4
Cl addition, which was followed by AlCl

3
, MgCl

2
 

and FeCl
3
 addition.

E�ect of inorganic salts on interlayer spacing

�e basal spacing of Na-Mt with inorganic salts increased from one 
to three hydration layers at a given temperature (Figure 14). Increasing 
temperature increased the thermal motion of the interlayer species 
and the swelling pressure in the layers, leading to the increase in the 
basal spacing from one to three hydration layers [21]. In this work, 
a minimal increase in the basal spacing with the rise in temperature 
was observed, which means that the temperature e�ect is mild on the 
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Figure 11: Diffusion coefficient of H
2
O molecules after salts addition; NH

4
Cl (a), MgCl

2
 (b); AlCl

3
 (c), and FeCl

3
 (d). 
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Figure 12: Diffusion coefficient of Cl anions after NH
4
Cl (a), MgCl

2
 (b), AlCl

2
 (c) and FeCl

3
 (d) addition.
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 Figure 13: Total energy changes with respect to temperature for different Na-Mt layered after adding inorganic salts; (a), (b), (c) represent 1-, 2-, and 3 

hydration layers respectively.
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Figure 14: Basal spacing changes with respect to temperature for different layered Na-Mt after adding inorganic salts; (a), (b), (c) represent 1-, 2-, and 3 

hydration layers respectively.

interlayer spacing [17,29] a�er adding the salts at HTHP. �e type of 
interlayer cations a�ected the structure of the interlayer spacing, the 
intercalation process of guest particles, the surface area, the adsorption 
as well as the swelling and stability of Na-Mt.

�e basal spacing and swelling pressure obtained with NH
4
Cl 

addition were the smallest. A similar swelling pressure e�ect of a 
monovalent cation on the swelling pressure was also observed for KCl 
addition into Na-Mt at HTHP [17]. From this remark, NH

4
Cl can be 

used as a good swelling inhibitor compared to AlCl
3
, MgCl

2
 and FeCl

3
.

Conclusion

We have performed MD simulation of Na-Mt with inorganic 
salts addition to investigate the structural and dynamics properties of 
H

2
O molecules and ions into Na-Mt in the NPT ensemble under the 

in�uence of HTHP. �e results obtained show that temperature greatly 
in�uences the coordination sphere of the interlayer ions. Increasing 
temperature reduces the attractive forces between the layers, shrinks the 
hydration shell of the interlayer ions by releasing more H

2
O molecules 

around them, leading to the rise in the mobility of ions and those of 
H

2
O molecules. Under each temperature H

2
O molecules di�use more 

than ions at each hydration state and the di�usion increases with the 
increase of the hydration degree, which impact the intercalation of 
guest particles into Na-Mt. Cl anions play an important role in the 
stabilization of hydrated Na-Mt by attracting more H

2
O molecules in 

their coordination spheres, which is an important factor for minimizing 
the ingress of H

2
O molecules into the clay sheets. �e type of inorganic 

cations in the interlayer in�uences the hydration energy of Cl anions. 
Furthermore, we �nd that all the salts studied exhibit good inhibition 
e�ect on Na-Mt. Compared with AlCl

3
, MgCl

2
 and FeCl

3
, NH

4
Cl 

had the least swelling performance on Na-Mt because of the lowest 
hydration energy and attraction of NH

4
 cations to the clay surfaces, 

and the strong attractive forces of its Cl anions on H
2
O molecules.
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