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• We investigated the adsorption of uranyl onto Montmorillonite surface.
• We studied the surface energy between layered Montmorillonite sheets.
• We studied the work of adhesion between radionuclide and charged Montmorillonite.
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a b s t r a c t
We have performed molecular dynamics simulations to investigate the adsorption of radionuclide elements species onto substituted Montmorillonite (001) surface in the presence of different counterions.
The structure and the dynamics of uranyl ion as well as its aquo, chloride ion, and carbonate complexes
are analyzed. In addition, we have studied the surface energy between layered Montmorillonite sheets
and the work of adhesion between radionuclide and charged Montmorillonite. The clay model used here
is a Wyoming-type Montmorillonite with 0.75e negative charge per unit cell resulting from substitutions
in Octahedral and Tetrahedral sheets. The system model was constructed based on CLAYFF force ﬁeld
potential model. To evaluate the thermodynamic work of adhesion, each surface and clay layer regions are
converted to a thin ﬁlm model. One and two species of radionuclide elements (UO2 (H2 O)5 ,UO2 CO3 (H2 O)5 ,
and UO2 Cl2 (H2 O)5 ) were deposited near the clay surface in a pseudo-two-dimensional periodic cell. Analysis shows that the uranyl ion structure is preserved with two axial oxygen atoms detected at 1.8 Å. Radial
distribution functions results indicate that average U Ow distances are 2.45–2.61 Å, and 2.29–2.40 Å for
U Oc distance. Average U Cl distances are 2.78–3.08 Å, which is relatively larger than that of Uranium
atom-Oxygen atom because of electrostatic factors.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In recent years, the study in actinide adsorption on clay mineral
has greatly increased due to an ongoing concern in environmental research. Their interaction with clay mineral surface plays an
important role to govern the migration of actinide in the environment. Knowledge of a description of how actinides interact with
clay mineral surface is important for assessing the risk caused
by the nuclear waste repositories [1]. Uranium is the predominant heavy metal content of the ﬁnal waste in the nuclear fuel
cycle (>95% UO2 ). Also, uranium is a major contaminant in the soil,
subsurface and groundwater as a result of human activity. Under
standard environmental conditions, the most stable chemical form
of U(VI) is the uranyl ion UO2 2+ , which is potentially very mobile
and readily complexates with organic and inorganic matter. To
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assess the possibility of forming an adsorption complex of uranyl
onto clay mineral, one has to analyze the energy change which
concerned the adhesion strength between radionuclide and clay
mineral. The thermodynamic concept quantifying the adsorption
is the work of adhesion. However, only a few work of adsorption
energy or interaction energy have been realized about clay [2–5].
In this work, the interaction between MMT sheets and the adsorption energy between the radionuclide and MMT surface will be
discussed.
Numerous experimental studies of uranyl adsorption on various
clay minerals surfaces have been published, e.g. montmorillonite,
illite, and kaolinite [6–14]. X-ray adsorption ﬁne structure (XAFS)
spectroscopy has been used to study the structure details of surface
complexes formed between uranyl and mineral surfaces [15–19].
Recent ﬁrst-principles density functional theory (DFT) calculations
show us a lot of possible inner- and outer-sphere adsorption complexes at kaolinite surface [2,3]. Although various experimental
studies provide some measurement of attenuation capacity of clay
minerals for uranyl [15,20–23], there is still much to be studied on
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the atomic scale about the structures details of uranyl adsorption
onto mineral surfaces.
The remarkable development of molecular computer simulations is very helpful in demonstrating a chemical evolution on the
structure and behavior of clay minerals on the atomic level. In this
paper, Molecular Dynamics (MD) simulations methods [24] were
employed to study the microscopic aspects of the interaction of
uranyl with the Montmorillonite surface, followed by the methods
used to obtain the interaction energy and work of adhesion.
2. Computational details
2.1. System parameters and MD simulation
We employed the CLAYFF [25], as implemented in DL-POLY
code [26], for the potential parameter of Montmorillonite, water
molecule and others counterions. All species were treated as rigid
bodies. The partial charge CLAYFF model is used for its ﬂexibility
within clay lattice. The ﬂexibility for all other counterions, including OH groups in the clay lattice, was realized with harmonic bond
stretch and angle bend terms [27]. Parameters for the uranyl ion
were taken from the work of Guilbaud and Wipff [28] where the
angle bend force constant k2 is 300 kcal.mol− 1.rad−2 , and the equilibrium angle for O U O is 180◦ . These parameters were used to
model uranyl complexes with carbonate and chloride.For UO2 2+ ,
we used a partial charge of +2.5e, which change slightly compared
with +2.8e obtained from ab initio results. Using these uranyl and
Montmorillonite models, we have performed complexes simulations of uranyl with Montmorillonite surface in the presence of Na+ ,
K+ , Cs+ , Ba2+ , Pb2+ , Ca2+ , Zn2+ interlayer cations, as well as carbonate
and Chloride. The corresponding parameters are given in Table 1.
The total energy is expected to have contributions from the long
ranged Electrostatic (Coulombic) interactions, the short ranged
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pair-body (van der Waals) interactions and the bond interaction
which include the chemical bond stretch and valence angle bend
terms:
Utotal = Ucoul + Upair + Ubond + Uangle

(1)

In addition to the 4 terms involved in the Eq. (1), one can deﬁne
dihedral angles and inversion angles potentials as intra-molecular
interactions, three-body, Tersoff and four-body potentials as intermolecular interactions. However, during the simulation we ignore
these terms to avoid time consuming. The corresponding equations
for total energy calculation are represented in Table 1.
Montmorillonite is a 2:1 clay and a member of the smectite family, which has a strong adsorption and ion exchange capacity. The
clay model used in our simulations is a Wyoming-type MMT [30]
with the unit cell formula: M0.75 (Si7.75 Al0.25 )(Al3.5 Mg0.5 )O20 (OH)4
or N0.325 (Si7.75 Al3.25 )(Al3.5 Mg0.5 )O20 (OH)4 where M represents a
monovalent cation. In the present work Na+ , K+ , Cs+ are considered. N represents a double valent cation such as Ba2+ , Pb2+ , Ca2+ ,
Zn2+ , etc. Negative charges resulted from isomorphic substitutions
in the tetrahedral and octahedral sheets. In our MMT formula, the
ﬁrst and second bracketed terms refer to ions in the tetrahedral and
octahedral layers. One out of eight Al atoms in octahedral sheet is
replaced by Mg atom; likewise, one out of 32 Si atoms in tetrahedral
sheet is replaced by an Al atom. The model system was expanded
into a super cell of 21 Å × 36 Å in the x and y dimension, which contains 16 MMT unit cell (4 × 4 repeats in a and b dimension). The
4 × 4 unit cells of clay layer contain 640 atoms: 124 Si and 4 Al
in the tetrahedral sheets, 56 Al and 8 Mg in the octahedral sheets,
384 O and 64 H centers; while 12e negative charge are contained
in the clay layer. Different counterions were added to the surface
and interlayer region to balance negative charge in the clay layers, one and two pairs of uranyl, carbonates ions and chlorine ions
were added. For all adsorption simulations, 2D periodic boundary

Table 1
Force ﬁeld parameters for radionuclide species and Montmorillonite [25,29].
I. nonbond Species

Symbol

Sodium ion
Potassium ion
Cesium ion
Barium ion
Plumbum ion
Calcium ion
Zinc ion
Chloride ion
Uranium
Uranyl oxygen
Carbonate carbon
Carbonate oxygen
Coulumbic potential : Urij =

Na
K
Cs
Ba
Pb
Ca
Zn
Cl
U
O
C
Oc

qi qj

1

r 12
ij

+1.0
+1.0
+1.0
+2.0
+2.0
+2.0
+2.0
−1.0
+2.5
−0.25
+0.43
−0.81

Aij ((kcal. Å12 /mol)1/2 )
121.503
868.623
1999.548
1340.126
2565.915
354.91
78.422
4591.405
713.840
793.310
1338.021
522.393

Bij ((kcal. Å6 /mol)1/2 )
9.3622
23.438
35.561
24.105
64.690
14.982
7.431
53.901
31.759
25.009
22.989
22.336

; Pair potential : Urij =

4ε0 rij 
Ai Aj

Charge (e)

−

Bi Bj



r6
ij

Potential energy U(kcal/mol), Atomic
charge q(e), radius r(Å)
II. Bonds stretch
Species i
U
C
2
Bond potential : Uij = 12 k1 (rij − r0 )

III.Angle bend
Species i
O
Oc
Angle potential : Uijk =

1
k (
2 2 ijk

− 0 )

2

K1(kcal/mol.Å2 )
Species j
O
Oc
Potential energy U(kcal/mol),
bond stretch force constant
k1 ,and equilibrium bond length
r0 (Å)
K2(kcal/mol .rad2 )
Species j
U
C
Potential energy U(kcal/mol),
angle bend force constant k2 ,
and equilibrium angle 0 (deg)

ro (Å)
1000
1312

o (deg)
Species k
O
Oc

1.8
1.25

300.00
160.00

180.00
126.00
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condition was applied to the cell in only a and b dimensions to
deﬁne a slab with inﬁnite periodic image.
MD simulations were performed in the constant NVT (number of
particles, volume, and temperature) ensemble at 300 K. A time step
of 0.001 ps was used. The equilibration time was conﬁned to 1 ns
of MD simulation to relax our system. Following the equilibration,
1 ns of dynamic simulation was added for the statistical analysis
of the structural and the (x, y, z) trajectories of uranyl and counter
ions in the surface region.
2.2. Surface energy and work of adhesion calculations
First, MD simulations were performed exclusively on Montmorillonite to explain the interactions between clay sheets. For this
purpose, a Montmorillonite bulk and a thin Montmorillonite ﬁlm
were constructed (Fig. 1). A 4 × 4 × 1 supercell was employed and
was simulated until 2 ns to achieve an equilibrated conﬁguration in
the isothermal-isochoric (NVT) canonical ensemble. We have used
a cutoff of 10 Å for van der Walls interactions, and an evaluation
of Coulomb interactions through Ewald summation with very high
accuracy (10−6 kcal/mol). This equilibrated structure is representative of the bulk form in a simulation box of 21.12 × 36.56 × 10.58 Å3
and is fully periodic in all three directions. The thin ﬁlms were
formed by extending the z dimension of the periodic box to 60 Å
in order to remove inter molecular interactions between layers.
The surface energy of Montmorillonite can be extracted from the
total energies of bulk and ﬁlm [31]. The average interaction energy
between the clay layers has the contributions from Coulomb, van
der Waals, internal (bond, angle), and kinetic energies [5].
Contributions from kinetic energy are null since all our simulations were computed at constant temperature. The surface energy
for 7 MMT structures with different interlayer cations (Na+ , K+ ,
Cs+ , Ba2+ , Pb2+ , Ca2+ , Zn2+ ) were determined therefore from the
following:
=

Efilm − Ebulk
2A

(2)

where Eﬁlm is the total energy of the thin ﬁlm structures, Ebulk is the
total energy of the bulk structure and A is the surface area at the
interface.

Secondly, the work of adhesion between the radionuclide and
the MMT surface was calculated in the presence of different counter
ions according to the following equation:
WA =

(EU + EMMT ) − Etotal
2A

(3)

where EU is the total energy of radioactive thin ﬁlm. In the present
work (UO2 2+ )(H2 O)5 , UO2 (H2 O)5 (CO3 ), and UO2 (H2 O)5 Cl2 are considered as the radionuclide element structures in the surface region
of MMT (Fig. 2a, b, c). EMMT is the total energy of MMT thin ﬁlm
(Fig. 2d), Etotal is the total energy of the complex of radionuclide
and MMT. A means here the van der Waals contact area between
the MMT and the radionuclide element. We have put thin ﬁlms
of radionuclide near to the MMT surface and then they were
relaxed with 2 ns to having possible adsorption complex. In the
case of simulation at the radionuclide-MMT interface, free boundary conditions were applied in the direction orthogonal to the MMT
surface plane. A total of 42 (7 cations, 3 radionuclide elements
of (UO2 2+ )(H2 O)5 , UO2 (H2 O)5 (CO3 ), UO2 (H2 O)5 Cl2 and 2 concentrations) complex models are used for the molecular dynamics
simulations presented in this study. Typical surface structures of
Na-MMT are shown in Fig. 3. The interlayer region below the slab
and surface region above the slab contain net charges of +6e respectively to balance the charge of the clay layer. The simulations have
been performed with 6 monovalent cation (Na+ , K+ , Cs+ ) or 3 double
valent cation (Ba2+ , Ca2+ , Pb2+ and Zn2+ ) in both regions. However,
when we investigate adsorption of charged (UO2 2+ )(H2 O)5 on MMT
clay surface, the number of cation in the surface region change with
the concentration of charged UO2 2+ . One (UO2 2+ )(H2 O)5 accompanied by 4 monovalent cation or 2 double valent cation and two
(UO2 2+ )(H2 O)5 accompanied by 2 mono valent cation or 1 double
valent cation to form a charge of +6 e.
3. Results and discussion
3.1. Structural properties
Representative complex conﬁgurations of three radionuclide
elements with MMT surface are shown in Figs. 4, 6 and 7. The concentrations of one and two radionuclide molecule (part a and part b

Fig. 1. (a) bulk molecular structure of MMT with a width of 10.58 Å in z direction of the fully periodic box, (b) ﬁlm molecular structure of MMT with 40 Å in z direction of the
fully periodic box. The surfaces on each side of the sheets are separated by vacuum. Interlayer cation can be Na+ , K+ , Cs+ , Ba2+ , Ca2+ , Pb2+ and Zn2+ .
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Fig. 2. (a) (UO2 2+ )(H2 O)5 , (b) UO2 (H2 O)5 (CO3 ), (c) UO2 (H2 O)5 Cl2 , (d) ﬁlm molecular structure of MMT. Atoms colors are labeled aside ﬁgures.

Fig. 3. Conﬁguration of each of the three radionuclide elements (UO2 2+ )(H2 O)5 , UO2 (H2 O)5 (CO3 ) and UO2 (H2 O)5 Cl2 (from top to bottom) for: one pair of radionuclide elements
(a) and two pairs of radionuclide elements (b).
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Fig. 4. Snapshot of optimized adsorption structure of one (UO2 2+ )(H2 O)5 molecule adsorbed (from top to bottom: two inner-sphere complex and one outer-sphere complex)
on MMT (001) surface (a) as well as representative complex of two (UO2 2+ )(H2 O)5 molecule adsorbed on MMT (001) surface (b).

of each ﬁgure) are implemented to investigate the adsorption processes. In order to show clearly the interaction between the surface
and radionuclide element, we hide whole MMT structure beside
Si-Os sheet, which forms visual continuous hexagons. We show in
Fig. 4a three typical adsorptions of one uranyl molecule adsorption
on MMT: bidentate inner-sphere complex; monodentate innersphere complex and outer-sphere adsorption complex (from top to
bottom). These kinds of complex appear in two uranyl molecules
adsorption simulation (Fig. 4b). Two uranyl molecules show independent complex with surface of MMT and no special interaction
is observed between uranyl. In the inner-sphere complexes, uranyl
was attached to one or two surface oxygen centers for monodentate or bidentate inner-sphere complexes. The two surface oxygen
centers bound to the same Si atom for bidentate inner-sphere complexes. Atomic density proﬁles of U and O in UO2 2+ as a function
of surface distance (Z-Z0 ) are shown in Fig. 5. For the outer-sphere
complex (Fig. 5a), U atoms are most likely to be found at 2.9 Å from
MMT surface. The uranyl cation is always centered at the midplane
with two symmetrical oxygen atoms. The distance between U and O
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O
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Table 2
Obtained contributions to the surface energies (mJ/m2 ) deduced from the differences of bulk and ﬁlm cells energy.

0.03
0.02
0.01
0.00
0.0
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2.0

peak centers is equal to the ﬁxed U O bond length 1.8 Å, which indicates that the O U O vector is perpendicular to the MMT surface.
Uranyl cation is linked to 5 water oxygen. The distance between
U and MMT surface in the inner-sphere complexes is 2.2 Å, which
is smaller than that in outer-sphere complexes, and the distance
between U and O peak centers is less than the ﬁxed U O bond.
That means the O U O vector is tilted from the surface normal in
order to ﬁll the surface oxygen atoms.
Orthogonal views of adsorption complexes of radionuclide element with MMT in the presence of Cl− and CO3 2− ions are shown
in Fig. 6 and Fig. 7. As excepted uranyl forms complexes with chloride and carbonate ions, and it forms inner or outer-sphere complex
with the MMT surface. Typical radial distribution functions (RDF) of
ligands (Ow , Os , Cl− , Oc ) around the U centers of UO2 2+ are displayed
in Fig. 8. The characteristics of the ﬁrst peak of the obtained radial
distribution function are reported in Table 2 for various adsorption
complexes. For (UO2 2+ )(H2 O)5 radionuclide element, the equilibration coordination shell of complexes consisted of water oxygen
(Ow ) and surface oxygen (Os ) in MMT. RDF of averaged U-ligands
(Ow and Os ) are shown in Fig. 8 where we notice a peak of primary
shell at 2.491∼2.532 Å for U Ow and 2.467∼2.536 Å for U Os . The
average U Ow distance of 2.526 Å was given in the outer-sphere
complexation (UO2 2+ )(H2 O)5 , 2.507 Å and 2.523 Å in the monodentate and bidentate inner-sphere complexation. This indicates that
there is no much difference of U-Ow distance between inner-sphere
and outer-sphere complexation. For (UO2 2+ )(H2 O)5 Cl2 radionuclide element, the equilibration coordination shell of complexes
might be consisted of water oxygen (Ow ), surface oxygen (Os )

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

Z-Z0(Å)
Fig. 5. Atomic density proﬁles for uranyl U and oxygen near the MMT surface of
outer-sphere complex (a) and inner-sphere complex (b). Z0 refers to the Z coordinate
of the nearest surface oxygen.

Cation

VDW

Coulomb

BOND

Total

Na-MMT
K-MMT
Cs-MMT
Ca-MMT
Ba-MMT
Pb-MMt
Zn-MMT
Exp.

7.654
11.706
−56.730
1.801
4.952
4.502
−1.350

31.517
49.528
157.589
72.040
135.076
27.015
90.051

1.026
1.557
3.674
−2.471
−1.413
−0.036
−1.954

40.197
62.791
104.533
71.369
139.299
31.481
86.747
50–200 [32,33]

W. Yang, A. Zaoui / Journal of Hazardous Materials 261 (2013) 224–234

229

Fig. 6. Snapshot of optimized adsorption structure of: (a) one (UO2 2+ )(H2 O)5 Cl2 molecule adsorbed on MMT (001) surface indicating from top to bottom: one outer-sphere
complex and two inner-sphere complex; (b) representative complex of two (UO2 2+ )(H2 O)5 Cl2 molecule adsorbed on MMT (001) surface.

and chloride ion (Cl− ). Averaged U-ligands results are shown in
Fig. 8. The presence of Cl− in the uranyl complex results in two
peaks of RDF for U-ligands: one corresponding to the primary shell
of U Ow at 2.505∼2.532 Å and the second representing the primary shell of U Cl− at 2.871∼2.983 Å, with chloride ion occupying
positions farther than water oxygen. This means a weaker electrostatic attraction between uranium and chloride ion relative to
that between uranium and water oxygen atoms. The red lines in
Fig. 8 show us averaged RDF of U-ligands. For (UO2 2+ )(H2 O)5 (CO3 )

radionuclide element, ligands of uranium can be water oxygen,
surface oxygen and carbonate oxygen (Oc). The presence of CO3 2−
in the uranyl complex results in a split equatorial shell about the
uranium atom, with oxygen atoms from carbonate occupying positions closer than water oxygen. The RDF analysis give averaged
U Oc and U Ow bond length of 2.296∼2.426 Å and 2.498∼2.554 Å,
which indicate a stronger electrostatic attraction between uranium
and carbonate oxygen atoms relative to that between uranium and
water oxygen atoms.

Fig. 7. Snapshot of optimized adsorption structure of: (a) one (UO2 2+ )(H2 O)5 (CO3 ) molecule adsorbed on MMT (001) surface. From top to bottom: two inner-sphere complex
and one outer-sphere complex; (b) representative complex of two (UO2 2+ )(H2 O)5 (CO3 ) molecule adsorbed on MMT (001) surface.
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Fig. 8. Plots of the U-ligand radial distribution functions for (a) inner-sphere complexes of one radionuclide element, (b) inner-sphere complexes of two radionuclide
elements, (c) outer-sphere complexes of one radionuclide element and (d) outer-sphere complexes of two radionuclide elements. The black, green and red lines represent
radionuclide elements of (UO2 2+ )(H2 O)5 , UO2 (H2 O)5 Cl2 and UO2 (H2 O)5 (CO3 ), respectively.

Cations-Oc RDF

metal known as one of the most pervasive and elusive environmental health threats. Studies show that the adsorption of
lead in soil is mainly speciﬁc adsorption and will be difﬁcult
to be released [32]. The longest distance of 3.39 Å and 2.85 Å
appears between Cs-chlorite and Cs-carbonate oxygen because of
its stronger adsorption capability to clays than reducing the competitive power of adsorption for chlorite and carbonate.

Cations-Cl RDF

With the presence of carbonate and chlorite ions in the surface region, we have neutralized radionuclide elements. To balance
the charged clay layer, which contains a net charge of −12 e,
we placed a net charge of +6 e in both surface region and interlayer region. That’s means 6 mono valent cations like Na+ , K+ , Cs+
or three double valent cations such as Ca2+ , Ba2+ , Pb2+ and Zn2+
were placed in the surface region with radionuclide elements. Both
uranyl ions and cations can be adsorbed onto the MMT surface,
forming hence a dynamic equilibrium. A cation with higher charge
may have stronger electrostatic interactions with MMT surface.
For cations with the same charge, adsorption onto clay depends
mainly on their ionic radius. A cation with larger ionic radius can
be easily adsorbed on the clay surface by the electrostatic interactions. Cesium has the largest ionic radius of 167 pm among seven
cations considered here. MMT adsorbs Cs and hence restricts its
mobility. Equilibrium snapshot of complexes of neuter radionuclide element with MMT surface are displayed in Figs. 6 and 7,
which show that cations can be also adsorbed by carbonate and
chlorite ions when their initial distance is less than 4.0 Å.In Fig. 9,
we see RDF of cation-Cl and cation-Oc which indicates that the
order of bond length of cation-Cl and cation-carbonate oxygen
decreases in the order Cs+ > Pb2+ > K+ > Ba2+ > Na+ > Zn2+ > Ca2+ and
Cs+ > Pb2+ > K+ > Ba2+ > Ca2+ > Na+ > Zn2+ . The bond length between
cations and carbonate oxygen is normally shorter than cationsCl− bond because of the stronger electrostatic interaction present
in carbonate ions. Averaged cations-Cl− distances were measured
to be 2.368 ∼ 3.390 Å and cations-Oc distance corresponds to
1.992∼2.844 Å. Short bond appears between double valent cations
and carbonate oxygen or chlorite ion beside Pb2+ which is a heavy
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Fig. 9. Radial distributions functions of cation-carbonate oxygen and cation-chlorite
ions.
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3.2. Surface energy and work of adhesion
We started by discussing the interaction between sheets of
layered Montmorillonite with different cation. Complete equilibration process of the interface between identical MMT thin ﬁlms
result from a 2 ns NVT molecular dynamics run, in the distance
as ∼50 Å, can give an interfacial energy near to zero. The cell for
the MMT—MMT interface formed by two thin ﬁlms was of dimensions 21.12 × 36.56 × 60 Å in which the individual MMT thin ﬁlms
were exposed to a vacuum on both sides. We performed the same
simulation of 2 ns NVT to bulk supercells of 4*4*2 with dimensions of 21.12× 36.56 × 21.16 Å. Then, both of ﬁlm and bulk ﬁnal
structures were treated as initial structure subjected to NPT molecular dynamics for 1 ns to achieve their conﬁguration equilibrium.
The surface energy can be extracted from the potential energies of
relaxed ﬁlm and bulk cells. The contributions of surface energy calculated from Eq. (1) are presented in Table 2. The van der Waals
contact of surface area A is considered here as the surface of the
thin ﬁlm of MMT. The main contributions to the formation of the
surface energy are the electrostatic interactions changes and the
van der Waals interaction changes. Van der Waals interactions
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are signiﬁcantly weaker than electrostatic interactions. At equilibrium, interlayer cations are well-distributed; they are strongly
attached to both MMT sheets through electrostatic attraction. Some
interlayer cations are captivated by anionic Si-Al charge defects
in tetrahedral sheet of montmorillonite. In this state, the van der
Waals interaction energy is partly repulsive. At about 50 Å separation, the MMT surface have already been reconstructed, only
half interlayer cations left in each sheet. These cations continue to
be attracted by adjacent cavities and most of them are located in
the center of surface hexagons. However we consider that there
is no van der Waals or electrostatic interaction left between the
MMT sheets in vacuum. The simulated value of surface energy
from the seven atomistic models is between 31.481 mJ/m2 and
139.299 mJ/m2 (Table 2), which is quantitatively in agreement with
experiment [33,34].
The interface between the radionuclide element and clay structure is formed from the positioning of the radionuclide element
above the relaxed Montmorillonite thin ﬁlm. The distance to the
nearest surface oxygen centers from U atom is about 4 Å. The surface size of Montmorillonite (21.12*36.56) in xy plane is larger
than the radionuclide element size. To have the most possible

Table 3
Complexes parametersa and work of adhesion of one and two radionuclide element adsorption complexes with MMT surface in presence of different cationb .
U-Ow (Å)

U-Os (Å)

U-Oc (Å)

U-Cl (Å)

Work of Adhesion (J/m2 )

2.509
2.491
2.534

2.561
2.498
2.522

2.538
2.532
2.514

2.581
2.508:
2.467

2.441
2.711
2.541

0.852
1.259
1.861

2.496
2.543
2.521
2.478

2.496
2.532
2.508
2.498

2.505
2.577
2.497
2.570

2.983
Na-Os: 2.259
Na-Os: 2.553
2.514

2.997
2.871
3.002
0.718

0.610
1.119
0.949

2.491
2.541
2.569
2.472;
2.538
2.506

2.693
2.514
2.728
2.296
2.545
2.498

2.338
2.500;

2.384
0.536

1.172

2.522
2.505;
2.457
2.340
2.538

2.655;
2.361
2.284

1.502
2.348
1.851

2.537
2.629;
2.507
2.491;
2.473;
2.510;
2.510
2.555

2.988
2.750
3.067
2.502
2.622

2.920

2.501
2.498
2.553
2.453;
2.953;
2.492
2.489

3.003
2.915;
;
2.876
0.432

2.512
2.415

2.920
2.961

0.422

2.683
2.322
2.418
2.426
2.597
2.540
2.352
2.580
2.594
2.702
2.629
2.506

2.567
2.329
2.561
2.440
2.584
2.448
2.478
2.574
2.605
2.560
2.491
2.516

2.498
2.577
2.238
2.340
2.399
2.350
2.333
2.599;
2.703
2.365
2.286
2.475

2.298
2.347
2.516
2.343
2.411
2.419
2.352
2.347
2.282
2.271
2.368
2.686

1.082

Uranyl complex
One radionuclide element
Radionuclide specie:

[UO2 (H2 O)5 ]2+
[UO2 (H2 O)5 ]2+

[UO2 (H2 O)4 (Os )]2+
[UO2 (H2 O)3 (Os )2 ]2+
Radionuclide specie:
[Na2 UO2 (H2 O)3 Cl2 ]2+
{[NaUO2 (H2 O)4 Cl] 2+ }1
{[NaUO2 (H2 O)4 Cl] 2+ }2
[NaUO2 (H2 O)3 (Os )2 Cl]2+
Radionuclide specie:
[CsUO2 (H2 O)2 CO3 (Os )]+
[UO2 (H2 O)5 ] 2+ c
Ba2 CO3
[BaUO2 (H2 O)CO3 (Os)] 2+
[CaUO2 (H2 O)2 CO3 (Os )] 2+
[ZnUO2 (H2 O)2 CO3 ]2+
Two radionuclide element d
Radionuclide specie:
[Cs(UO2 )2 (H2 O)4 (Os )2 Cl3 ]2+
[Ba(UO2 )(H2 O)3 Cl2 ]2+ e
[(UO2 )(H2 O)2 Cl(Os)2 ]+
[K3 (UO2 )2 (H2 O)7 (Os )2 Cl4 ]3+
[Na4 (UO2 )2 (H2 O)8 Cl4 ]4+
Radionuclide specie:
[Ca2 (UO2 )2 (H2 O)4 (CO3 )2 ]4+
2+

[K2 (UO2 )2 (H2 O)4 (CO3 )2 ]

[Na2 (UO2 )2 (H2 O)5 (CO3 )2 ]2+
[Pb2 (UO2 )2 (H2 O)3 (CO3 )2 (Os )2 ]4+
[Zn(UO2 )2 (H2 O)5 (CO3 )2 ]2+
[Ba3 (UO2 )(H2 O)3 (CO3 )2 ]2+
[(UO2 )(H2 O)3 (Os )2 ]2+

e

[UO2 (H2 O)5 Cl2 ]
2.536
2.510
2.527
[UO2 (H2 O)5 CO3 ]
2.496
2.528
Ba-Oc 2.570
2.475
2.486
2.492
[(UO2 )2 (H2 O)10 Cl4 ]
2.533
2.650
2.491
2.506
2.469;
2.488; 2.511; 2.494
2.576
2.509
[(UO2 )2 (H2 O)10 (CO3 )2 ]
2.689
2.507
2.596
2.540
2.644
2.494
2.407;
2.570
2.582
2.575
2.662
2.558

2.961
2.509;

0.490
0.650

0.424
2.511
2.391
0.888

0.492

1.414
0.513

a
U Ow bond length to aqua ligands, U Os bond length to surface oxygen centers, U Oc bond length to carbonate oxygen centers, U Cl bond length to chlorite ion.
Work of adhesion corresponds to the complex form in the ﬁrst line of uranyl complex.
b
Na+; K+; Cs+; Ca2+; Ba2+; Pb2+ and Zn2+ were consisted like cation in this work.
c
A independent BaCO3 molecule was observed in surface complex.
d
Two radionuclide elements contain two U atoms, complexes parameters were listed in two lines for different U atom.
e
Two radionuclide elements complex apart with the MMT surface.
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Fig. 10. (a) Top view of the equilibrated adsorption complex (on the left) and vertical projection of the complex on the xy plane (on the right) used for calculation of the van
der Walls contact area. (b) Van der Waals contact area comparison for outer-sphere complex with the presence of only one uranyl and its vertical projection area on MMT
surface on the left and bidentate inner-sphere complex with the presence of only one uranyl and its vertical projection area on MMT surface on the right.

adsorption complexes, we have tested six different surface position of radionuclide element for each model. The cell for the
U-MMT interface formed by two thin ﬁlms was of dimension
21.12*36.56*20 Å, which was simulated by NVT molecular dynamics at 300 K for 2 ns. To acquire their own energy of radionuclide
element and MMT thin ﬁlm, the separated thin ﬁlms were relaxed
and equilibrated at the same conditions. All these adsorption simulations were performed using two-dimensional (xy plane) periodic
boundary conditions as discussed above. Interfacial properties for
complexes of radionuclide element and MMT surface were estimated with the average values shown in Table 3. The works of
adhesion calculated from Eq. (2) are presented in Table 3 as well.
The van der Waals contact surface area A is considered here as
the real contact area between the adsorption complexes and the
MMT surface. The van der Waals contact area A at the MMT surface
changes with the complexes conﬁguration. To calculate the van der
Waals contact area A corresponding to a complex, we simply plotted the vertical projection of the equilibrated complex on the MMT
surface using van der Waals’ radius of all the constituent atoms and
copied the shape of the projection to AUTOCAD [35]. The dimension of this region can be than determinate. A prototype example is
shown in Fig. 10a. The top view of an equilibrated adsorption complex was presented on the left of Fig. 10a, and the shaded surface

on the right of Fig. 10a was calculated as the van der Waals contact
area of this adsorption complex using van der Waals’ radii of all the
atoms.
Various representative complexes results are listed in Table 3.
The radionuclide molecule has approached the MMT surface to an
equilibrium distance of 2.950 ± 0.720 Å from U atoms to surface
oxygen centers. Both positively charged interlayer cations and
uranyl ions can adsorb onto the MMT surface by electrostatic
attraction. In the same time, negatively charged carbonate ions
and chlorite ions can be attracted by adjacent interlayer cations
and uranyl ions forming a dynamic equilibrium. The conformation
of adsorption complex depends on the presence of interlayer
cations; radionuclide species and their distance. However, the
most possible adsorption complexes observed in our study is the
combination of interlayer cations, uranyl and carbonate ions or
chlorite ions. The interaction between two thin ﬁlms contains
‘Uranyl-MMT surface’ interaction, as well as ‘interlayer cationscarbonate ions or chlorite ions’ interactions. Work of adhesion is
affected by complex conformation; bond formation (U Os) and
van der Waals contact area. The works of adhesion of adsorption
complexes correspond to 0.536∼2.348 J/m2 (Table 3) in the presence of only one radionuclide specie. Bond formation between
Uranium ions and surface oxygen centers are generally caused by
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the distribution of the superﬁcial Si→Al charge defects. The afﬁnity
of the negatively charged defects makes uranium ions approach
and ﬁnally break some U Ow bonds to form new U Os bond
with surface oxygen atom that most adjacent to the defects. Work
of adhesion tendency was found to increase as the U Os bond
formation number decreases. When there is no formation of bond
between U atom and surface oxygen due to long distance between
Uranyl and nearest Si→Al charge defects, U atoms are most likely to
be found at more than 2.9 Å from MMT surface and the O U O axis
is perpendicular to the MMT surface. For bidentate inner-sphere
adsorption complexes with two U Os bond formation, U Os bond
length are found to be ∼2.5 Å, the O U O vector is tilted from the
normal surface in order to coordinate to surface oxygen centers
to form chemical bonds. It is obvious that, with the appearance of
chemical bond formation of U Os , the interaction of inner-sphere
complexes with MMT surface is stronger than that of outer-sphere
complexes with MMT surface. In addition, Fig. 10b indicates that
the van der Waals contact area of outer-sphere adsorption complex
is bigger than that of inner-sphere adsorption complex. Therefore
it is reasonable that we obtain a work of adhesion of 0.856 J/m2
for outer-sphere complex compared with the work of adhesion of
1.861 J/m2 for bidentate inner-sphere complex. As we mentioned
above, interaction energy between radionuclide species and MMT
surface can be affected by ‘Uranyl-MMT surface’ interaction and
‘interlayer cations-carbonate ions or chlorite ions’ interactions.
When there is no bond formation of U-Os , that means no direct
interaction of ‘Uranyl-MMT surface’ and therefore interlayer
cations will play an important role. We might take the adsorption
complex [Na2 UO2 (H2 O)3 Cl2 ]2+ like an example. There is no bond
formation between radionuclide specie [UO2 (H2 O)5 Cl2 ] and MMT
surface. However, Na+ ions have linked with Cl− ions with a bond
length of ∼2.750 Å, and Na-Cl play a role of bridge to connect
MMT surface in one side and U atom in another side. This kind
of interaction energy is smaller than that with bond formation;
we found thus work of adhesion of 0.610 J/m2 for this complex
which is relatively weaker. Other interesting ﬁndings are shown is
Table 3. {[NaUO2 (H2 O)4 Cl] 2+ }1 and {[NaUO2 (H2 O)4 Cl] 2+ }2 have
the same complex conformation, nevertheless, we obtain different
work of adhesion result of 1.119 J/m2 and 0.949 J/m2 respectively.
The reason can be explained by the different positions of these two
complexes. The ﬁrst complex is close to a superﬁcial defect and
Na+ ions in this adsorption complex is linked with a surface oxygen
atom which adjacent to a negatively charged Si→Al defect with NaOs distance of 2.259 Å; while Na+ in the second one is far away from
the negatively charged defects. The distance of Na-Os in the second
complex is about 2.553 Å that cause the weaker work of adhesion.
As we may see in Table 3, compared with Cl− ions, the presence of CO3 2− ions in radionuclide specie induce a relative stronger
work of adhesion between adsorption complex and MMT surface.
This is generated by the strong electrostatic attraction within CO3 2−
and interlayer cations. Although the presence of CO3 2− ions inﬂuences the conformation and work of adhesion of complex, we
can’t neglect the importance of interlayer cations. Double valent
cations such as Ca2+ , Ba2+ , Pb2+ and Zn2+ produce powerful chemical bond with oxygen in CO3 2− . Furthermore, as we discussed
above, for cations with the same charge, the one with shorter
ionic radius exhibits stronger coulomb attraction with CO3 2− . As
shown is Table 3, similar complexes of [CaUO2 (H2 O)2 CO3 (Os )]2+
and [BaUO2 (H2 O)CO3 (Os )]2+ have been obtained with the presence
of Ca2+ and Ba2+ . However, different values of work of adhesion are
observed, 2.348 J/m2 and 1.502 J/m2 respectively with Ca2+ ionic
radius of 99 pm and Ba2+ ionic radius of 135 pm. Cs+ ions have the
longest ionic radius of 169 pm among these 7 interlayer cations,
that result a longest bond distance between Cs-carbonate oxygen.
Therefore, even if a bond formation of U-Os is built, the work of
adhesion of adsorption complex [CsUO2 (H2 O)2 CO3 (Os )]+ remains
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1.172 J/m2 that is weaker compared with [CaUO2 (H2 O)2 CO3 (Os )]2+
and [BaUO2 (H2 O)CO3 (Os )]2+ which have the same bond formation.
With increasing radionuclide species to 2 molecules, various
forms of complexes can be noticed as presented in the second part
of Table 3. The interaction energy between the adsorption complexes and MMT surface has no major changes as interlayer cations
number and MMT bulk charge remain invariant while the Van der
Waals contact area were observed twice or more as much as that
of only one radionuclide spice. These were the raisons for which
the work of adhesion of two radionuclide species was found to be
0.422 J/m2 ∼1.414 J/m2 . In this part of simulation, the two uranyl
molecules can form a complete adsorption complex with MMT
surface, or, they can create individual complex for each uranly
molecule with MMT surface like [Ba3 (UO2 )(H2 O)3 (CO3 )2 ]2+ and
[(UO2 )(H2 O)3 (Os )2 ]2+ (Table 3). The corresponding work of adhesion is 0.513 J/m2 , which is rather weak. This is due to the important
Van der Waals contact area between these two complexes and MMT
surface.

4. Conclusion
We have carried out a computational approach to study the
adsorption of radionuclide elements on the surface of Montmorillonite. We have found that carbonate oxygen has relatively strong
bound to uranium ion with a minimum bond length U Oc of
2.238 Å. The bond length of U Cl can achieve a maximum of 3.067 Å.
From the analysis of computed structures of adsorbed complexes,
we have found that chlorite ion and carbonate ions can be attracted
by cations with electrostatic attraction.
In addition, the work of adhesion between radionuclide
elements and Montmorillonite surface were evaluated. The
radionuclide elements may have relatively strong bonds formation with the surface oxygen centers to achieve a work of adhesion
of 2.348 J/m2 . The surface energy between Montmorillonite sheets
was found to be smaller than the work of adhesion between
radionuclide elements and Montmorillonite surface. As expected,
the work of adhesion on the charged MMT surface increases with
increasing number of U-Os bond formation and the chemical interaction between interlayer cations and CO3 2+ or Cl− ions. A particular
attention was paid to the superﬁcial Si→Al charge defects because
of the electrostatic attraction to the interlayer cations that is transmitted to negatively charged CO3 2+ and Cl− ions in radionuclide
species. Interlayer cations attach to surface oxygen close to negatively charged defects, and then, the interlayer cation-surface
oxygen will play a role of bridge to connect a nearby radionuclide
species to form adsorption complex.
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