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a b s t r a c t
The aim of the present paper is to investigate the adsorption of uranyl species (UO2)2+(H2O)5 onto kaolinite
(001) surfaces. To this end we have employed molecular dynamic simulations based on CLAYFF force ﬁeld potential. Various types of surface model for inner-sphere adsorption complexes and one model for outer-sphere adsorption complexes were optimized. In order to have a neutral structure, the uranyl (UO2)2+(H2O)5 or the
kaolinite was deprotonated to form the outer-sphere or inner-sphere adsorption complexes. Both singly protonated and partially deprotonated states of the Al(0) kaolinite surface were considered for adsorption in the model
of inner-sphere complexes. The ﬁrst uranyl coordination shell exhibits pentagonal bi-pyramidal symmetry with
the pentagonal formed by 5 water molecules. We show that the average U–OW distances are between 2.49 and
2.57 Å for water molecules. The bond of uranyl with deprotonated O− center is always short because of the
charge attraction. The obtained results agree well with density functional calculations and EXAFS measurements,
and show how and why the adsorption of uranyl appears on the surface of kaolinite.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In order to predict and regulate the environmental impact of
human activities such as uranium mining and radioactive waste disposal, it is necessary to understand the behavior of actinides in the
environment because their interaction with clay mineral is an important factor to control the migration of radionuclide in the environment. The behavior of actinides in the soil is mainly the surface
adsorption interactions which change the forms of radioactive elements and reduce the mobility of actinides in the natural systems
(Jenne, 1998; Rachkova et al., 2010). Therefore, it is important to
search how the actinides interact with clay mineral such as the fundamental process of surface complexation and surface precipitation.
Uranium is a chemical element in the actinide series of the periodic
table. It is a metallic unstable and weakly radioactive element. In nature,
uranium is found mostly as uranium-238, which exists a lot in soils
and groundwater. Uranium mine is the main element in the nuclear
fuel cycle and it is also a major component of the waste product
(UO2 N 95%) of the nuclear industry (Greathouse et al., 2002); the
most stable chemical form of dissolved uranium is the uranyl ion
which is potentially very mobile to complexate with organic
UO2+
2
and inorganic matter in the environment (Kremleva et al., 2008). Therefore, uranium and its decay products are hazardous pollutants of the environment. To try to protect environment and humans, the adsorption
properties of hexavalent uranyl species, UO2+
2 , have been most
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extensively studied. Such as the research in the geologic disposal of nuclear waste, we found that the clay minerals have low permeability,
high adsorption capacity and plasticity, which make them ﬁx effectively
radioactive waste to avoid their transport in groundwater. The clay
minerals are highly sorptive due to their small particle sizes, large surface areas and chemically active surface defect sites (Vasconcelos et
al., 2007). Natural clays as the adsorbent with a low cost have received
much attention on heavy metals sorption from contaminated water.
In recent 30 years, the structure of uranyl in aqueous solution has
been widely researched both in experimental and theoretical techniques. The coordination data has been obtained by different methods
such as extended X-ray adsorption ﬁne-structure (EXAFS) (Aaberg et
al., 1983; Allen et al., 1997; Clark et al., 1999; Vallet et al., 2001) measurements, H-NMR research (Aaberg et al., 1983), as well as the molecular dynamics method (Guilbaud and Wipff, 1996). These studies
suggest that UO22 +coordinated mostly to 5 water molecules in aqueous solution (Aaberg et al., 1983), although a small percentage of
the uranyl ions are coordinated to four waters. The typical U–H2O disgroup are
tance within the water structure and the hydrated UO2+
2
expected to be about 2.50 Å and the U–O distance within the hydrated UO22 + is expected to be about 1.8 Å. Kremleva et al. have studied
uranyl adsorption at (001) surfaces of kaolinite using ﬁrst-principle
density functional calculation.
Numerous studies of uranyl sorption on various mineral surfaces
have been published (Den Auwer et al., 2003; Hennig et al., 2002;
Moskaleva et al., 2006; Zaidan et al., 2003) by different methods such
as X-ray adsorption ﬁne-structure (EXAFS) (Den Auwer et al., 2003;
Hennig et al., 2002; Kremleva et al., 2008) as well as experiments. The
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adsorption behavior of uranyl on kaolinite surfaces is affected by numbers of parameters such as the pH of the solution, as well as the concentration of uranyl and different counterions in solution: uranyl sorption
increases with pH and achieves saturation at pH = 7 (Dierking et al.,
2008; Krepelova et al., 2006; Reich et al., 2007).
In this work, we used molecular dynamic simulations to study the
molecular coordination of dissolved uranyl and the sorption of
dissolved uranyl on the surface of kaolinite at neutral pH. This was
done by inclusion of deprotonated form of Al–OH− leading to negatively charged Al–O2− and Si–OH resulting in the negatively charged
Si–O−. We will examine both inner- and outer-sphere complexes at
the basal Al (o) (001) surface of kaolinite. Furthermore, we will investigate the effect of different NVE and NVT ensembles.
We use atomistic potential model here to describe the adsorption
of uranyl on kaolinite surface. Our aim in this ﬁrst part is to test the
efﬁciency of the ClayFF model at T = 0 K by comparing our results
to previous DFT calculations and to experiment. Since the adsorption
of radionuclides on clays is relevant to nuclear wastes, we project a
second part in the future, in which we will be interested in temperature effect. The results presented in this paper will prompt us to use
this model in another environment (temperature and/or pressure).
The use of DFT method would be limited for such a work and needs
huge time computing. Therefore, classical molecular dynamics method remains a powerful tool for the study of dynamics and thermodynamics properties in such subjects of complicated structures.

2. Simulation details
2.1. Crystal structure
Kaolinite is a 1:1 clay that is widely distributed in the environment. It is a non-swelling clay, with the ideal chemical composition
Al4Si4O10(OH)8 per unit cell. The kaolinite structure consists of a repeating siloxane silicon tetrahedral (Si2O5) sheet and a gibbsitetype aluminum octahedral (Al(OH)3 sheet. In the Si tetrahedral
sheet, each Si connected to three Si by sharing oxygen atoms forming
the siloxane surface. This arrangement contributes hexagonal cavities
on the surface. In the Al octahedral sheet, each Al is coordinated by
two vertex oxygen atoms of the siloxane and shares four hydroxyls
with neighboring aluminum atoms. Three of these four hydroxyls
are oriented toward the extern Al surface forming the gibbsite surface
while the fourth one is oriented inward in the direction of the siloxane cavity (Benco et al., 2001a,b; Vasconcelos et al., 2007, 2008).
These two sheets bonded through shared oxygen atoms. For the kaolinite clays, there is little isomorphic substitution for Al in the octahedral positions and for Si in the tetrahedral positions which accounts
for a small cation exchange capacity (CEC) value when compared
with other swelling clay minerals (Huertas et al., 1998; Newman
and Brown, 1987). However, kaolinite has high retention capacity to
many nuclear and nuclear water sites which is important in the migration of contaminants over distances measured in kilometers. This
retention capacity is due to its chemical active of surface defect sites
(Fig. 1).
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2.2. Description of the force ﬁeld model
Kaolinite has the unit-cell formula Al4Si4O10 (OH)8 and the repeating super cell contains 16 kaolinite unit cells (4 × 4 × 1 units in the a,
b and c dimensions). The corresponding super cell dimensions are
a = 20.67 Å, b = 35.89 Å, c = 7.39 Å, which consists of 544 atoms:
64Al, 64Si, 288O and 128H. We created negative charge by making
deprotonation on the Al(o) and Si(o) surface to balance the positive
charge of uranyl. All species were treated as rigid bodies beside the
H atoms and uranyl molecule.
The model used for the clay lattice is CLAYFF (Cygan et al., 2004),
which is based on the single point charge (SPC) water model of
Berendsen et al. (1981). In this model, the short-range interactions
of all atoms are represented by a simple Lennard–Jone (LJ) potential.
The total potential energy (in kcal·mol−1) for our molecular simulation system is expected to have contributions from the Coulombic
(electrostatic) interactions, the short-range interactions, the bonded
interactions and the angle bend interactions:
e X qi q j X
¼
þ
Do;ij
4πo i≠ j r ij
i≠ j

2
þ k2 θijk −θo :
2

Etotal

"

Ro;ij
r ij
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2
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Where the sums are over all lattice and water interaction sites and rij
is the distance between atoms i and j. The ﬁrst term represents the Coulombic energy, where qi and qj the partial charges which are derived
from quantum mechanics calculations, e is the charge of the electron,
and o is the dielectric permittivity of free space. The second term is
the Van der Waals energy represented by the Lennard–Jones (12-6)
function. It includes the short-range repulsion associated with the increase in energy as two atoms approach each other. The attractive dispersion energy is represented by Do,ij and Ro,ij which are respectively
the energy and distance parameters for the unlike atoms with:

1
Ro;ii þ Ro; jj
2qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ Do;ii Do; jj :

Ro;ij ¼
Do;ij

The bond stretch energy of the hydroxyl groups like O\H bonds in
this work is described by the third term where k1 is a force constant
and ro represents the equilibrium bond length. The three-body energy
can be described by the last term where k2 is a force constant. θijk represents the bond angle and θo is the equilibrium bond angle.
In water molecules and between water molecules, the Van der
Waals interaction occurs only between oxygen atoms. In the kaolinite
rigid-body, we ignore the angle bending term but the bond stretch interaction occurs in the surface hydroxyl groups and in the uranyl
U\O bond. For the total system, we ignore all the Van der Waals interactions between H atoms and other atoms. Uranyl–clay interactions include Van der Waals term between U atoms and all atoms in
kaolinite. All kaolinite potential parameters are introduced by Cygan
et al. (2004), which are listed in Tables 1 and 2.

Table 1
Non-bond parameters for the CLAYFF force ﬁeld.

Fig. 1. Side view of single layer kaolinite structure.

Atom type

Symbol

Charge (e)

Do(kcal/mol)

Ro(Å)

Water hydrogen
Water oxygen
Hydroxyl hydrogen
Hydroxyl oxygen
Bridging oxygen
Tetrahedral silicon
Octahedral aluminum
Uranium
Uranyl oxygen

HW
OW
H
O1
O2
Si
Al
U
O

0.41000
−0.8200
0.42500
−0.95000
−1.05000
2.10000
1.57500
2.50000
−0.25000

0
0.1554
0
0.1554
0.1554
1.8405 × 10−6
1.3298 × 10−6
0.3733
0.1554

0
3.5532
0
3.5532
3.5532
3.7064
4.7943
3.1782
3.5532
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Table 2
Bond parameters for the CLAYFF force ﬁeld.
Bond

k1(kcal/mol Å2)

U\O
O1\H

500.00
554.13

Angle

Θo (deg)

k2(kcal/mol Å2)

O–U–O
Hw–Ow–Hw

180.00
109.47

300.00
47.7696

ro(Å)
1.80
1.00

In the surface hydroxyl groups, the hydroxyl oxygen charge is −0.95e
and the hydroxyl hydrogen charge is 0.425e, but in the defect sites, in
order to balance the charge of uranyl, we have changed the hydroxyl
oxygen charge to −2.00e and the hydroxyl hydrogen charge to +1e.
By this method, when deprotonated a surface O\H bond in the defect
sites, we can obtain −1e charge. When deprotonated two O\H bonds
in the defect sites, we have achieved neutral pH.
To model neutral structure of uranyl–kaolinite, and in order to
have more models of uranyl adsorbed on Al(o) surface, we have to invoke two silanol defects at the opposite Si(t) side of the slab model
which may be deprotonated when necessary for charge compensation (Pacchioni et al., 2000). Such defects may be constructed as introduced by Kremleva et al. (2008): First, an inner vertex O\Si
bond is broken and the oxygen center is artiﬁcially saturated by hydrogen, to form an “inner” hydroxyl group. The Si center is moved
outward to the surface and saturated by an OH group, which after deprotonation forms a silanolate moiety (Fig. 2).
2.3. Molecular dynamics simulations
All our simulations were performed by the DLPOLY program (Smith
and Forester, 1999); the ensembles implemented are the constant NVE

and NVT (Butler et al., 1998; Kraska, 2006). We impose periodic boundary conditions on the xy dimensions to produce repeating macroscopic
system but nonrepeating in z direction so that we can focus on adsorption in kaolinite surface instead of in the kaolinite interlayer. The Ewald
sum technique was used for electrostatic interactions. For Van der
Waals interactions, a real-space cutoff of 8.5 Å was imposed. Simulation
temperature and pressure were 300 K and 0.01 bar respectively. We
used a 0.0005 ps timestep for all MD simulations. For each model, we
carried out 150 ps of simulation time to calculate adsorption equilibrium constants and standard state free energies for NVE ensemble. The
ﬁnal conﬁguration obtained at the NVE simulation was used as the initial conﬁguration for the NVT simulation following 100 ps of simulation
time.
Adsorption between metals and clay minerals can occur via two
mechanisms: outer-sphere adsorption and inner-sphere adsorption
(Stumm, 1992). For the outer-sphere complex, the dissolute uranyl
is assumed to remain intact, the interaction between uranyl and kaolinite is mainly electrostatic, the adsorbed distance between U and
surface oxygen is long. The metal is more like a free hydrated ion.
But for inner-sphere complexes, chemical bonds to the surface O2−
or OH− groups are formed; the uranyl and surface oxygen distance
is relatively smaller. The inner-sphere complexations are considered
as leading to strong chemical bound.
In the present study, we performed various adsorption complexes
depending on the degree of deprotonation of Al(o) surface hydroxyl
group and the degree of deprotonation of silanol group in the defect
site. It includes two general types of adsorption sites: (i) two Os−
center by two deprotonated OH groups or (ii) one Os− center and
one OH group. For inner-sphere complexation, only bidentate uranyl
adsorptions are studied which include two types: ﬁrst for neighboring O centers connected to the same Al atom and second for pairs of
O centers attached to neighboring Al centers (Fig. 7). In our models,
the O–O distance in short-bridge sites (AlOO) is 275 pm and in
long-bridge sites (AlO–AlO) is up to 359 pm (Fig. 3).

Fig. 2. Side view of nondefect structure and structure with two silanol defects in Si(o) surface, these silanol defects can be deprotonated to form a charged silanolate moiety.
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Fig. 3. (a) Top view of the Al(o) (001) surface of kaolinite. The two O centers connect to the same Al and O–O distance shows 2.755 Å. (b) top view of the Al(o) (001) surface of
kaolinite, the two O centers connect to neighboring Al centers with O–O distance achieving 3.59 Å.

We modeled 4 inner-sphere complexes where two neighboring O
centers connected to the same Al atom. To avoid models with a charged
unit cell, we created deprotonated SiO− defects in Si(o) side depending
on the number of deprotonated surface OH groups involved in the Al(o)
surface: i) two deprotonation in Al(o) surface, zero deprotonation in
SiOH defect (Fig. 4a), ii) one deprotonation both in Al(o) surface and
in defect (Fig. 4b), and iii) two SiO− defects in Si(o) surface (Fig. 4c).
We also modeled 4 inner-sphere complexes with the same three different contribution surface OH center but the surface oxygen centers
bound to the neighboring Al of kaolinite (Fig. 5). Besides these various inner-sphere complexes, we optimized an outer-sphere complex

(Fig. 6). In this model, we did not involve SiOH defect in the Si(o) surface; a neutral system was constructed by replacing solvated uranyl
by the corresponding neutral dihydroxide complex (Moskaleva et
al., 2006).
According to the research work of Benco et al. (2001a,b), there are
three distinct OH groups in the gibbsite layer. Another investigation
was illustrated by Rösch et al. (Kremleva et al., 2008; Martorell et
al., 2010; Moskaleva et al., 2006). They thought that, the Al(o) surface
exhibits two types of hydroxyl groups: two thirds of which are
‘upright’ OH groups, oriented largely perpendicular to the surface
plane, and one-third of ‘lying’ OH group that are oriented mainly

Fig. 4. Schematic representation of model adsorption inner-sphere complexes on Al(o) (001) surface, pairs of OH groups bound to the same Al center. a: two O− centers in the Al(o)
surface; b: one O− center and one OH group (two different positions depend on deprotonation); c: two OH groups. The surface OH groups were indicated by yellow sticks.
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Fig. 5. Schematic representation of model adsorption inner-sphere complexes on Al(o) (001) surface, pairs of OH groups bound to neighboring Al centers. a: two O− centers in the
Al(o) surface; b: one O− center and one OH group (two different positions depend on deprotonation); c: two OH groups. The surface OH groups were indicated by yellow sticks.

parallel to the surface (Benco et al., 2001a,b). But in the present work,
we considered all the OH groups in Al(o) surface identical.

3. Results and discussion
3.1. Uranyl adsorption on short-bridge sites O(H)–Al–O(H) with NVE
ensemble
As mentioned above, four different models of adsorption complexes
were explored on the short-bridge sites O(H)–Al–O(H) with two defects introduced at the opposite Si(o) surface, silanol or silanolate.
All of them are schematically presented in Fig. 2, where we compare

the four adsorption complexes of uranyl. For complex on doubly
deprotonated site O−–Al–O− (Fig. 4(a)), two positive charges of uranyl
are neutralized by two negative charges on site O−–Al–O−. For models
showed in Fig. 4(b1) and (b2), one negative charge involved on site
OH–Al–O− and site O−–Al–OH. We changed the deprotonated O− position between the two OH groups. It requires another negative charged
defect to be neutralized, and thus, one silanol group was deprotonated.
For models showed in Fig. 4(c), nondeprotonation appears in Al(o) surface, so that two deprotonated SiO− groups are required to achieve
charge compensation.
In these four models of uranyl adsorption, uranyl complex ﬁts perfectly with kaolinite. They are similar in geometries. For the original
uranyl structure, the average U–Ot distance is ~ 1.83 Å and the average U–Ow distance is ~ 2.539 Å. Compared with optimized results,
bond lengths decrease or increase within 2 pm, while the average
length of ligand and surface U\O bonds ﬂuctuates within 20 pm.
The U–Os distances in complex A are pretty close because identical
negative charges appear for both two deprotonated adsorption O−
sites. It exhibits a rather short U–Os bond of 2.282 Å to the negative
charged O− center for model B1, and 2.307 Å for model B2. Another
longer bond achieves 2.873 Å and 2.509 Å which are much longer
than average distance. These longer bonds of U and OH center in complexes B1 and B2 can be regarded as rather weak. There are no big difference of U–Al distances between the four models, but the second
bond of ~ 3.80 Å is too long, thus, we could consider only a single
bond for U–Al at short-bridge O(H)–Al–O(H) sites (Table 3).
3.2. Uranyl adsorption on site Al–O(H)–Al–O(H) with NVE ensemble

Fig. 6. Model adsorption outer-sphere complex of neutral uranyl UO2(H2O)3(OH)2 on
Al(o) (001) surface. The yellow atoms indicate OH group.

Four next inner-complex adsorption models were simulated with
same NVE ensemble. The two surface OH groups bound to neighboring Al. It shows a distance of 3.597 Å within the two oxygen atoms of
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Fig. 7. Optimized geometries of uranyl adsorption inner-sphere complexes on Al(o) surface. Both of O− and OH center bound to same Al. Two yellow atoms represent oxygen centers of OH groups.

OH group. Original structures were represented in Fig. 5. Charge conditions were respectively the same as the four ﬁrst models as we
showed in Fig. 4. Optimized adsorption structures were represented
in Fig. 8 and structure parameters of these complexes were collected
in Table 4.
U–O distance in complexes at long-bridge sites Al–O(H)–Al–O(H)
is not very different with that at short-bridge sites O(H)–Al–O(H), but
the average U–O distance is generally smaller at long-bridge sites,
(Tables 3 and 4). In complex A at long-bridge sites, it exhibits 6 coordination numbers CN = 6. The three U-surface oxygen bonds that
appeared with their length are: 2.330 Å, 2.473 Å and a long contact
around 2.944 Å. Because of the appearance of this third contact of
U–Os, we might consider that at long-bridge sites, the uranyl is closer
to the kaolinite Al(o) surface. For models B and C at long-bridge sites,
we found the coordination number N = 5. We supposed that this is
due to the effect of surface charge. In simulation A, we built two

deprotonation at surface OH groups, thus, two negative charges
were created, and they give a relative strong attraction to uranyl
(two positive charges). Compared with complex A, the model B1
and the model B2 have only one negative charge at OH groups, both
the two complexes result in two U\Os bonds. We observed that
there is always a stronger contact in deprotonated O− site (2.300 Å
for B1 and 2.341 Å for B2) and another bond link with OH centers is
more longer and weak (2.508 Å for B1 and, 2.582 Å for B2). For
model C, two negative charges were brought in opposite Si(o) surface
on defects. Charge distance within kaolinite and uranyl exceeds
9.00 Å. Compared with U–Os distance in complex A(2.330 Å and
.473 Å), U–Os distance in model C is relatively long (2.394 Å and
2.553 Å). We observed that U–Al distances at long-bridge sites are
longer than at short-bridge sites. It exhibits two U–Al ligands
(3.220 Å and 3.524 Å) in model A. This shows again that in complex
A, uranyl is more close to kaolinite surface.

Table 3
Four optimized model parameters of uranyl adsorption complex at short-bridge O(H)–Al–O(H) sites with NVE ensemble; N: coordination number; U–Ot: uranyl bond length; U–
Ow: bond length to aqua ligands; U–Os: bond length to surface oxygen centers; U–Oeq: average bond length of U to his coordination; U–Al: bond length to Al.
Model
2+

[UO2(H2O)5]
Short-bridge
A
B1
B2
C

N

U–Ot(Å)

U–Ow(Å)

5

1.831, 1.822

2.575, 5.533, 2.492, 2.540, 2.556

5
5
5
5

1.823,
1.849,
1.827,
1.838,

2.496,
2.582,
2.517,
2.593,

1.812
1.805
1.813
1.795

2.521,
2.425,
2.624,
2.617,

U–Os(Å)

2.624
2.624
2.684
2.516

U–Oeq(Å)

U–Al(Å)

2.539
2.372,
2.282,
2.307,
2.474,

2.374
2.873
2.509
2.381

2.477
2.557
2.528
2.516

2.975
3.117
3.059
3.002
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Fig. 8. Optimized geometries of uranyl adsorption inner-sphere complexes on Al(o) surface. Both of O− and OH center bound to neighboring Al. Two yellow atoms represent oxygen
centers of OH groups.

3.3. Outer-sphere complex
We examined also an outer-sphere complexion on the Al (o) (001)
surface. For this complexion, a neutral system was constructed by replacing solvated uranyl by the corresponding neutral dihydroxide complex (Moskaleva et al., 2006). No defect was involved in kaolinite
structure, neither deprotonation. We might say that this outer-sphere
complex is a neutral complex. Collected results show two very short
bonds to OH groups (2.205 Å and 2.282 Å). For aqua ligands, two of
three are short bonds with 2.560 Å and 2.526 Å while the third one
achieved 3.344 Å. The third U–Ow attraction is rather weak that it cannot be considered as an aqua ligand of the ﬁrst salvation shell. Thus, the
coordination number of uranyl is 4 in this model of the outer-sphere
complex with an average value U–Oeq = 2.393 Å. If we include the
third weak U–Ow attraction, we have an average of 2.583 Å. In Fig. 9,
the two OH groups were represented by yellow atoms. One OH group
was attracted by kaolinite surface, and we noted that this OH has a
OH–Al distance of 2.777 Å which is short. Even for inner-sphere

complexes, the aqua to Al distance is ~3.30 Å which is larger than
2.777 Å. Compared with inner-sphere, the U–Al distance shows a reasonable length of 4.791 Å.
3.4. Adsorption results with NVT ensemble
We repeated the calculation for all models mentioned above with
NVT ensemble. In this ensemble, molecule numbers, volume and
temperature are conserved. The results for these complexes are
shown in Table 5. As we expected, NVT and NVE results are similar.
In short-bridge sites O(H)–Al–O(H), attraction to surface oxygen in
complex A is relatively strong (2.296 Å and 2.386 Å). In complexes
B1 and B2, it exhibits two bonds: a short one and a long one. The
short bond (2.246 Å for B1 and 2.367 Å for B2) always bound to
deprotonated O− centers because of the charge attraction. The
long one (2.796 Å for B1 and 2.458 Å for B2) is relatively weak. In
model C, two links to surface oxygen are weaker than those in complex A. At long-bridge sites AlO(H)–AlO(H), the complex A exhibits

Table 4
Four optimized model parameters of uranyl adsorption complex at long-bridge O(H)–Al–O(H) sites with NVE ensemble.
Model
2+

[UO2(H2O)5]
Long-bridge
A
B1
B2
C

N

U–Ot(Å)

U–Ow(Å)

5

1.831, 1.822

2.575, 5.533, 2.492, 2.540, 2.556

5 (6)
5
5
5

1.840,
1.800,
1.804,
1.795,

2.500,
2.412,
2.411,
2.542,

1.868
1.820
1.808
1.832

2.638,
2.538,
2.549,
2.485,

U–Os(Å)

2.707
2.595
2.631
2.501

U–Oeq(Å)

U–Al(Å)

2.539
2.330,
2.300,
2.341,
2.394,

2.473, (2.944)
2.508
2.582
2.553

2.529, (2.598)
2.470
2.504
2.495

3.220, 3.524
3.168
3.248
3.154
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Fig. 9. Optimized geometries of neutral outer-sphere complex of UO2(H2O)3(OH)2 on
kaolinite surface. Yellow atoms represent OH groups.

coordination number CN = 6: there are three links to surface oxygen Os, including a third long ligand U–Os of 2.939 Å and two similar
shorter U–Os bonds. U–Oeq = 2.569 Å which is 29 pm smaller than
2.598 Å in same model with NVE ensemble. The third bond of
2.939 Å is rather long that cannot be considered as ﬁrst coordination
shell of uranyl. If we exclude it from the average equatorial distance,
than we have CN = 5 and U–Oeq = 2.495 Å. Complexes B1 and B2
in long-bridge sites show similar results in short-bridge sites. U–Al
distance seems longer at long-bridge sites. It exhibits two short
bonds in both model A and model C at long-bridge sites.

3.5. Comparison with experiments and other density functional studies
In this section, we compare our results with density functional studies and experimental EXAFS measurements concerning average structure parameters of the adsorption complexes of uranyl on the surface
of kaolinite (Benco et al., 2001a,b; Kremleva et al., 2008; Krepelova et
al., 2008; Reich et al., 2007). We consider only our structural parameters
of various adsorption complexes optimized in NVT ensemble (Table 5)
with theoretical density functional studies (Kremleva et al., 2008;
Krepelova et al., 2008) and experimental EXAFS studies (Krepelova et
al., 2008; Reich et al., 2007) showed in Table 6. Our uranyl bonds U–
Ot are determined somewhat longer (1.80–1.86 Å) when compared
with experimental value (1.77 and 1.79 Å), but some are shorter than
density functional results (1.83–1.87 Å) for the inner-sphere complexes. The U–O distance U–Oeq of 2.454–2.533 Å agrees well with density functional results, 2.45–2.54 Å, but longer than experimental
results of 2.34–2.41 Å showed in Table 6. Note that the coordination
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number is not valued for the experimental EXAFS studies, CN = 5
always, but according to our models and density functional models,
CN = 6 may occur in adsorption complexes at long-bridge sites
where uranyl exhibits a third contact to the surface. If we consider
only the ﬁrst coordination shell of calculated U–Al distances in our
studies, 2.974–3.263 Å, they show good agreement with experimental studies, 3.10–3.30 Å and 3.06–3.26 Å. For complexes in doubly
deprotonated sites at long-bridge Al–O−–Al–O− sites, the coordination number and average equatorial U–O distance U–Oeq in large agreement with density functional results, 2.569/2.495 Å in our studies
compared with 2.54/2.49 Å in experimental. Concerning adsorption
complexes, they show the same geometric performances of adsorption
of uranyl on the (001) kaolinite surface with density functional and experimental studies. According to the comparisons above between our
molecular dynamics study results in ensemble NVE (Table 5) and
other study results (Table 6) realized by density functional method
and EXAFS experimental method, we can say that our results show
good agreement with experimental and theoretical results.

4. Conclusion
We have presented in this work a computer simulation study of
complexes of uranyl at kaolinite Al(o) surface. Based on MD simulations, we used CLAYFF force ﬁeld to model kaolinite and uranyl interactions. The kaolinite surfaces were modeled using a single layer of
kaolinite with 2D periodic boundary conditions. We considered innersphere and out-sphere complexes with both NVE and NVT ensembles.
There were no big differences between the two studies. The geometry
of the inner-sphere complexes of uranyl at kaolinite surface is mainly determined by degree of charged O− groups and the distance of charged O−
groups. The bond to deprotonated O− center is always short; ligand
attraction is strong: in NVE ensemble, bond lengths to O−centers
are 2.282 Å, 2.307 Å at short-bridge sites, and 2.300 Å, 2.341 Å at
long-bridge sites for two single deprotonated models. In NVT ensemble,
the results of bond lengths to O− centers for two single deprotonated
complexes at both short and long-bridge sites are 2.246 Å, 2.367 Å,
2.334 Å and 2.311 Å. For the doubly deprotonated O−–Al–O− models
(at short-bridge sites), bond lengths to O−are 2.372 Å and 2.374 Å with
NVE ensemble, and are 2.296 Å and 2.386 Å with NVT ensemble. These
bond lengths are relatively short. At long-bridge sites, in doubly
deprotonated O−–Al–O− model A, it exhibits three U–Os attractions,
two shorter and one longer, with 6-fold coordination being considered.
But at short-bridge sites, for same doubly deprotonated model, we
found only two U–Os attractions, 5-fold coordination number. Finally,
our results agree well with density functional calculations and EXAFS
measurements.

Table 5
Optimized structure parameters of all uranyl adsorption complexes with NVT ensemble.
U–Os(Å)

U–Oeq(Å)

U–Al(Å)

2.514
2.497
2.636
2.611

2.296,
2.246,
2.367,
2.403,

2.386
2.796
2.458
2.592

2.452
2.508
2.533
2.531

2.974
3.052
3.078
3.046

2.561
2.427
2.834
2.506

2.414,
2.334,
2.311,
2.326,

2.461, (2.939)
2.644
2.591
2.524

2.495(2.569)
2.465
2.556
2.484

3.263, 3.513
3.158
3.210
3.146, 3.573

U–Oh(Å)

U–Oeq(Å)

U–Al(Å)

2.212, 2.280,

2.406(2.674)

6.4000

Model

N

U–Ot(Å)

U–Ow(Å)

Inner-sphere
Short-bridge
A
B1
B2
C

5
5
5
5

1.802,
1.826,
1.804,
1.842,

1.850
1.830
1.815
1.863

2.492,
2.569,
2.553,
2.482,

2.573,
2.434,
2.653,
2.571,

Long-bridge
A
B1
B2
C

5 (6)
5
5
5

1.768,
1.837,
1.804,
1.804,

1.802
1.844
1.818
1.851

2.538,
2.425,
2.449,
2.541,

2.502,
2.498,
2.595,
2.525,

N

U–Ot(Å)

U–Ow(Å)

4(5)

1.824, 1.852

2.484, 2.649, (3.746)

Outer-sphere
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Table 6
Density functional calculations and EXAFS measurements of uranyl adsorption complexes at short-bridge and long-bridge sites of the bare (001) Al(o) surface.
Model

U–Ot(Å)

U–Oeq(Å)

U–Al(Å)

Reference

Experimental studies
Exp, CN = 5
Exp, CN = 5

1.79
1.77

2.37–2.41
2.34

3.10–3.30
3.06/3.26

Reich et al. (2007)
Krepelova et al. (2008)

Theoretical studies
O−–Al–O−, CN = 5
O−–Al–OH, CN = 5
OH–Al–OH, CN = 5
Al–O−–Al–O−, CN = 6
Outer-sphere, CN = 4(5)

1.87
1.86
1.83
1.87
1.81

2.45
2.51
2.46
2.54/2.49
2.47/2.64

3.11
3.32
3.46
3.30/3.40

Benco et al. (2001a,b)
Benco et al. (2001a,b)
Kremleva et al. (2008)
Benco et al. (2001a,b)
Kremleva et al. (2008)

Our DM studies in NVE ensemble
O−–Al–O−, CN = 5
O−–Al–OH, CN = 5
OH–Al– O−, CN = 5
OH–Al–OH, CN = 5
Al–O−–Al–O−, CN = 6
Outer-sphere, CN = 4(5)

1.826
1.828
1.810
1.853
1.785
1.838

2.452
2.508
2.533
2.531
2.495/2.569
2.406/2.674

2.974
3.052
3.078
3.046
3.263, 3.513
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