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We used molecular dynamics simulations to study the adsorption of aqueous uranyl species (UO2
21) onto clay

mineral surfaces in the presence of sodium counterions and carbonato ligands. The large system size (10 000
atoms) and long simulation times (10 ns) allowed us to investigate the thermodynamics of ion adsorption, and
the atomistic detail provided clues for the observed adsorption behavior. The model system consisted of the basal
surface of a low-charge Na-montmorillonite clay in contact with aqueous uranyl carbonate solutions with
concentrations of 0.027 M, 0.081 M, and 0.162 M. Periodic boundary conditions were used in the simulations to
better represent an aqueous solution interacting with an external clay surface. Uranyl adsorption tendency was
found to decrease as the aqueous uranyl carbonate concentration was increased, while sodium adsorption
remained constant. The observed behavior is explained by physical and chemical effects. As the ionic strength of
the aqueous solution was increased, electrostatic factors prevented further uranyl adsorption once the surface
charge had been neutralized. Additionally, the formation of aqueous uranyl carbonate complexes, including
uranyl carbonato oligomers, contributed to the decreased uranyl adsorption tendency.

Introduction

The release of uranium into the natural environment as a result
of human activity is of great concern. Sources of uranium
waste and its fate in the natural environment have been
reviewed.1 Our primary interest is in evaluating the presence
of uranium in groundwater, with a goal of better understand-
ing the role played by mineral and colloidal surfaces in
uranium mobility. Uranium(VI) exists as the linear uranyl
ion, UO2

21, in oxic groundwater. Uranyl adsorption onto a
variety of substrates has been quantified experimentally. These
minerals include clays,2–5 apatite materials,6,7 basalt,3 granite,8

iron oxy-hydroxides,5,9 silica/quartz,10 titanosilicates,11 and
zeolites.12 Uranyl adsorption typically decreases as the solution
pH increases above,8 due to the presence of carbonate ligands
in solution,4,5,9 although the opposite trend is seen with
increasing pH in a carbonate-free system.9 Several spectro-
scopic techniques have been used to study the structure of
surface complexes formed between aqueous metal ions and
mineral surfaces.13 In the case of uranyl adsorption onto
mineral surfaces, X-ray absorption fine structure (XAFS)
spectroscopy has been used to identify the number of near-
est-neighbor equatorial ligand atoms and their distance to the
uranium atom in surface complexes.14–32

Only recently have efforts been made to measure a bulk
property such as ion adsorption while simultaneously using
spectroscopy to gain an atomic-level insight into adsorbate
structure at the mineral-solution interface. Fuller and co-
workers6,7 recently combined batch adsorption and spectro-
scopic studies of the uranyl-apatite system. Uranyl adsorption
onto apatite decreased in the presence of aqueous carbonate,
and XAFS results indicated the presence of aqueous uranyl
carbonate complexes and polymeric uranyl surface complexes.6

In a similar fashion, computational or theoretical techniques
applied to uranyl adsorption typically focus on either atomistic
simulations to obtain a detailed picture of interfacial struc-
ture33–35 or thermodynamic modeling to predict ion adsorption
equilibria.36–40 Atomistic simulations involving 103 atoms and

1 ns (or shorter) simulation times are statistically insufficient to
obtain reliable results for adsorption thermodynamics. Simi-
larly, thermodynamic models only include atomistic effects
implicitly and focus instead on proposed mechanistic steps of
ion adsorption equilibria.
Computational resources now permit us to carry out large-

scale simulations of interfacial regions, from which we can
obtain both atomistic and thermodynamic information. Here
we apply molecular dynamics (MD) simulations to examine the
effect of solution composition on ion adsorption behavior at a
mineral-solution interface. With these techniques, we can
simulate ion concentrations as low as 0.03 M. Data averaged
over 10.0 ns of simulation time allows us to calculate adsorp-
tion equilibrium constants and standard state free energies. In
addition to time-averaged thermodynamics, we are also able to
exploit the atomic-level information to identify a mechanism
for the reduced uranyl adsorption at higher aqueous carbonate
concentrations.
A prototypical clay mineral, montmorillonite, was used as

the model system, both because of its prevalence in soil and
groundwater environments and because it is considered as a
barrier material for radionuclide retention.41–43 Our method
originated from previous work in which MD simulations were
used to study Sr21 and Cs1 adsorption equilibria onto kaoli-
nite and montmorillonite.44 In that work, ion concentrations
were more difficult to establish because the aqueous region was
sandwiched between two mineral surfaces. Here we apply a
Lennard-Jones (LJ) boundary on two sides of the simulation
cell so that aqueous ions interact with a single mineral surface
and one LJ boundary. The LJ boundary represents a non-
physical termination of the aqueous phase but is needed to
maintain the desired solution density and concentration.

Methods

Potential parameters for montmorillonite, water, and sodium
ions were taken from the CLAYFF parameter set.45 A key
feature of CLAYFF is flexibility within the clay lattice, which
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was accomplished through electrostatic and van der Waals
interactions among clay atoms (Si, Al, O, Mg). Flexibility for
all other polyatomic molecules, including OH groups in the
clay lattice, was realized with harmonic bond stretch and angle
bend terms.45 CLAYFF is based on the flexible SPC water
model,46 which has been used to obtain structural and dynamic
properties for bulk water,46,47 aqueous solutions,48,49 and
mineral-water interfaces.34,45,50 Parameters for the aqueous
uranyl ion were taken from Guilbaud and Wipff51 and have
been used to model a variety of aqueous uranyl complexes,
including carbonate,34 hydroxide,34 nitrate,52 phosphoryl,53

and tri-n-butlyphosphate.54 For the present work, the carbo-
nate parameters in ref. 34 were modified slightly to prevent
nonplanar carbonate configurations improperly simulated in
some uranyl carbonate oligomers. The harmonic O–U–O angle
bending constant was increased to 1500 kcal mol�1 rad�2, and
the equilibrium O–U–O angle was decreased to 1201.

Montmorillonite and other smectite clays are characterized
by the amount of layer charge (in e) per unit cell of clay, and
whether the charge sites are located in the tetrahedral layer,
octahedral layer, or both. The model corresponds to a low-
charge montmorillonite (0.4 e/unit cell), with charge sites
exclusively in the octahedral layer. The unit cell formula is
Na0.4[Si8][Al3.6Mg0.4]O20(OH)4, where the first and second
bracketed terms refer to ions in the tetrahedral and octahedral
layers, respectively. An expanded cell was used in order to
improve statistics for the calculation of ion adsorption equili-
bria. Specifically, the cell contained 64 montmorillonite unit
cells (8 � 4 � 2 repeats in the a, b, and c dimensions). After
converting to an orthogonal cell, the a and b dimensions were
approximately 42 Å � 36 Å and remained fixed throughout all
simulations. The c axis remained fixed during constant-volume
simulations and fluctuated during constant-pressure simula-
tions. The cell contained two clay layers, each with 116 Al31

ions and 12 Mg21charge sites in the octahedral layer. Ran-
domly selected distributions were used for charge sites, with a
different pattern for each layer. Each layer contained at most
two adjacent Mg21 pairs and at most three Mg21 pairs
separated by a single Al31, where all octahedral cations are
connected through bridging oxygen atoms. The distribution of
charge sites can also be classified according to the number of
Mg21 ions out of the four nearest-neighbor cations about each
Al31. This method was used to justify a selection of tetrahedral
charge sites in mica.55 Within the octahedral sheets, approxi-
mately 70% of Al31 ions were connected to three other Al31

ions, 25% were connected to two Al31 ions and one Mg21 ion,
and less than 5% were connected to one Al31 ion and two
Mg21 ions. No attempt has been made to determine the
absolute minimum energy configuration of octahedral charge
sites. However, our use of two clay layers comprised of 32 clay
unit cells each, along with our adherence to the nearest-
neighbor criteria of ref. 55, should reduce unwanted effects
due to ordering of charge sites.

Materials Studio software (Accelrys, Inc., San Diego, CA)
was used to prepare the simulation cells and to visualize
results. All simulations were carried out with the LAMMPS
software package56 on a multiprocessor linux cluster. The
constant NVT (number, volume, temperature 300 K) or NPT
(number, pressure 0 atm, temperature 300 K) ensembles were
used with thermostat and barostat relaxation times of 100 fs
and 500 fs, respectively. Atomic forces and velocities were
determined by the reversible reference system propagator
algorithm (rRESPA) multi-timescale integrator57 with two
levels. Intramolecular and short-range intermolecular interac-
tions were computed in the inner loop (1 fs), and long-
range electrostatics were computed in the outer loop (2 fs).
For long-range electrostatics, the efficient particle–particle
particle–mesh (PPPM) solver58 was used. Both rRESPA and
PPPM methods have recently been implemented in simulations
of clays.59

The first simulation consisted of a two-layer hydrate of
sodium montmorillonite for comparison with the smaller cell
used in ref. 45. Each interlayer region consisted of 240 water
molecules and 12 sodium ions, corresponding to a two-layer
hydrate (two water layers).60 The entire cell contained 4024
atoms. The resulting NPT simulation was used to verify that
the structural properties for the larger cell compared with a
smaller cell.
Equilibrium configurations from the two-layer hydrate si-

mulation were used to generate initial configurations for the
uranyl adsorption simulations, which were performed in the
NVT ensemble using periodic boundary conditions.56 The cell
was effectively periodic in only two dimensions (a and b) using
the following methodology. A slab is defined as a cell with
infinite periodic images in the a and b dimensions. A vacuum
gap equal to three times the c dimension separated repeating
cells, and a LJ 9-3 boundary prevented atoms in the cell from
entering the vacuum region.56 Three-dimensional periodic
boundary conditions were imposed using the PPPM technique
for long-range electrostatic interactions. However, we removed
dipolar interactions between slabs, resulting in a cell that was
electrostatically isolated in the c dimension.56 After inserting a
6000-atom aqueous region (42 Å � 36 Å area, 40 Å thick)
adjacent to one of the two clay layers, the model system
resembled an aqueous solution in contact with an external
montmorillonite surface. A single uranyl carbonate pair was
added to this aqueous region to produce [UO2

21] ¼ 0.027 M.
Additional pairs were added to create systems with [UO2

21] ¼
0.081 M and 0.162 M. Two water molecules were removed for
each uranyl carbonate pair added to conserve the aqueous
solution volume. The aqueous region always contained 2000
species with a thickness of 40 Å, and each cell contained
approximately 10 000 atoms. At each uranyl concentration,
ten simulations of 1.0 ns each were performed in order to
increase the statistical validity of the results. For each simula-
tion, all aqueous ions were placed randomly within 3.0 Å of the
midplane between the clay and vacuum interfaces. Atomic
density profiles and radial distribution functions for each of
the ten simulations were averaged to produce one set of results
for each uranyl concentration. Each result therefore represents
10.0 ns of simulation time. Exact molar concentrations for
aqueous ions were obtained by performing separate NPT
simulations of each bulk aqueous region without the clay
component. The cell a and b dimensions were held fixed (see
above), but the c dimension was allowed to vary. The average
cell volume (approximately 60 000 Å3) was then used to
determine ion concentrations. The increasing number of aqu-
eous carbonate ions also represents increasing solution pH,
although we made no attempt to assign actual pH values.

Results

A 400 ps NPT simulation was first performed for the Na-
montmorillonite system described above. The interlayer struc-
ture (Fig. 1) is consistent with previous results for two-layer
hydrates, namely outer-sphere sodium surface complexes.61,62

The average clay layer spacing was determined by multiplying
the simulation c length by 0.5 because the supercell contained
two interlayer regions. Averaging over the last 100 ps of
simulation time resulted in a clay layer spacing of 15.03(7) Å,
in good agreement with both simulation (15.28 Å)60 and
experimental (15.6 Å)63 results for two-layer hydrates. We
are confident that CLAYFF provides results that scale to these
larger dimensions and multiple interlayers in the repeating cell.
Next, a series of adsorption simulations was performed using

three-dimensional periodic (slab) boundary conditions dis-
cussed above. The cell contained two clay layers, two interlayer
regions, and an aqueous region. Sodium ions were used to
balance the negatively-charged clay layers, and uranyl carbo-
nate pairs were inserted into the aqueous region. A set of ten
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simulations of 1.0 ns each were performed for each aqueous
uranyl carbonate solution. Each simulation was preceded by a
100 ps pre-equilibrium stage. A typical simulation snapshot is
shown in Fig. 2. Starting from the left part of Fig. 2, the two
interlayer regions contain net charges of þ6 e and þ12 e,
respectively. The aqueous region at right also contains a net
charge of þ6 e and can be divided into an adsorbed layer near
the surface and a diffuse region. These positively charged
aqueous regions are balanced by the two clay layers, each with
a net charge of �12 e. The slab simulations could have been
performed with twelve sodium ions in each of the two inter-
layer regions. The two clay layers would thus be charge
balanced by the two interlayer regions, leaving a neutral
aqueous region. However, that configuration led to structural
instability in the clay layers. When simulating isolated but
charged clay layers using three-dimensional periodic boundary
conditions, it is important to maintain equal net charge on
either side of each clay layer (Fig. 2). Additionally, the
arrangement of sodium, uranyl, and carbonate ions in Fig. 2
is representative of Na-montmorillonite in contact with an
aqueous uranyl carbonate solution. Sodium ions that would
have been adsorbed to the external clay surface prior to wetting
become diffuse after wetting. Both sodium and uranyl ions can
adsorb onto the surface, forming a dynamic equilibrium. Also

noteworthy in Fig. 2 is the first coordination shell about
aqueous uranyl ions, consisting of five oxygen atoms in the
equatorial ring about the uranium atom. These pentagonal
bipyramidal complexes consist of one uranyl ion and a combi-
nation of monodentate aquo and bidentate carbonato li-
gands.64 At pH 8.0 and higher, the triscarbonato complex,
[UO2(CO3)3]

4�, is also seen, which features six-fold equatorial
coordination about the uranium atom.65

Atomic density profiles were obtained by time-averaging the
vertical (z) distribution of all atoms during each 1.0-ns simula-
tion. The random placement of aqueous cations prior to each
simulation serves to minimize the influence of the initial
configuration on the observed density profiles. These profiles
were used to monitor the ensuing equilibria of both sodium
and uranyl adsorption onto the clay surface. Average atomic
density profiles for four key atom types (water oxygen, sodium,
uranium, carbon) are shown in Fig. 3. Several features of these
density profiles are distinct from typical interlayer density
profiles of hydrated Na-montmorillonite.60,61,66,67 Atomic den-
sities near the external siloxane surface (z ¼ 32 Å) more closely
resemble the solution structure near mineral surfaces68 than the
well-ordered two-layer hydrates in clay pores (17 Å o z o 23
Å). Also, we see noticeable effects of the LJ boundaries that
result in unique atomic densities near the two vacuum inter-
faces (z¼ 0 Å and z¼ 72.5 Å). First, water and sodium profiles
in the bottom interlayer region (near z ¼ 0) are diffuse and
smeared. The absence of a clay layer adjacent to this region at
z o 0 creates disorder in the lowest monolayer of water.
Second, atomic densities tail off to null values at the top of
the diffuse region (near z ¼ 72.5 Å). Water with a density
greater than 1.0 g cm�3 has a characteristic profile near the
interface with a charged LJ boundary.69 In the present case, the
LJ boundary was placed approximately 1.0 Å beyond the
aqueous layer to avoid divergent potential energies at the start
of each simulation. The water density is therefore slightly less
than that of the corresponding bulk UO2CO3(aq). Bulk ion
concentrations and ionic strengths were obtained from equili-
brated cell volumes from NPT simulations of the same number
of atoms in the aqueous region (data not shown). We are
confident that the slab simulations are representative of the
indicated ion concentrations. Atomic density profiles were
compared as [UO2CO3] was increased from 0.027 M to 0.162
M. Water profiles in Fig. 3 are nearly identical in the four
cases. We observed two well-defined ion adsorption layers (32

Fig. 1 Equilibrium snapshot (x,z-plane) of Na-montmorillonite. Clay
tetrahedra and octahedra are shown as polygons, and sodium ions are
shown as large spheres. Atoms are colored as follows: O (red), H
(gray), Na (purple), Si (orange), Al (brown), Mg (green).

Fig. 2 Equilibrium snapshot (z,x-plane) from an adsorption simula-
tion, consisting of 0.081 M UO2CO3(aq) and 0.162 M Na1(aq) in
contact with the basal plane of an external Na-montmorillonite sur-
face. The color scheme matches that used in Fig. 1, with U atoms
shown in blue. All aqueous ions are presented as large spheres,
including first-shell ligands of uranyl ions. The labels above the snap-
shot indicate the net electrostatic charge for each aqueous and mineral
phase.

Fig. 3 Atomic density profiles for water oxygen, sodium, uranium,
and carbon atoms averaged over 10 simulations of 1.0 ns each. The
color scheme matches that noted in Fig. 2, with red (water O), violet
(Na), black (C), and blue (U). Water oxygen densities shown are 1% of
their actual values so that all profiles can be viewed on one graph.
Similarly, interlayer sodium densities are 10% of their actual values.
The labels indicate the molar concentration of UO2

21(aq), with
equimolar amounts of CO3

2�. In the top data set, denoted by *,
additional sodium and carbonate ions were added to the aqueous
region so that [Na1] ¼ 0.324 M and [CO3

2�] ¼ 0.243 M.
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Å–36 Å and 36 Å–40 Å), although only ions in the first layer
were considered to be adsorbed. Ions in the second layer and
beyond were identified as being diffuse.70 At the mineral-
solution interface, density peaks for adsorbed ions coincide
with valleys in the water oxygen profile. Uranium atoms lie
slightly closer to the surface than sodium ions due to the type
of surface complex formed by each. There is no intervening
water molecule between a uranyl oxygen atom and the surface
(Fig. 2). The uranium atoms are therefore closer to the surface
than sodium ions, the latter of which are fully hydrated in the
adsorbed layer (outer-sphere complex). Sodium profiles are
generally invariant to changes in uranyl carbonate concentra-
tion (and therefore ionic strength as noted below). However,
the portion of uranyl ions in the diffuse region (z 4 40 Å)
increases as [UO2

21] increases. Carbonate ions are almost
completely excluded from the surface, except for a minute
presence at the highest uranium concentration when [UO2

21]¼
0.162 M. While cation–carbonate pairing occurs in the diffuse
region, hydrated cations predominate at the surface.

Sodium and uranium peaks in the density profiles were
integrated in order to quantify the adsorption behavior. As
Table 1 indicates, the percentage of adsorbed uranyl decreased
as the bulk concentration increased. Sodium adsorption re-
mained constant (8–10%) even though the ionic strength
increased with additional uranyl and carbonate ions. After
the first three data sets were obtained, we were unsure if the
cation adsorption tendencies were simply a result of the
increasing uranyl carbonate concentration, or if there was an
ionic strength dependence. A fourth data set was obtained, also
with [UO2

21] ¼ 0.162 M, except that an additional six sodium
ions and three carbonate ions were added (top data set in Fig.
3). The ionic strength corresponding to the fourth data set was
I ¼ 1.13 M, compared to 0.189 M, 0.405 M, and 0.729 M, in
the first three sets. Even with a doubling of the sodium
concentration from 0.162 M to 0.324 M, sodium adsorption
was unchanged. Conversely, uranyl adsorption continued to
decrease even though no additional uranyl was added to the
aqueous solution. In all data sets, the external siloxane surface
of the clay should be neutralized with þ6 e in adsorbed ions,
either with three adsorbed uranyl ions or some combination of
uranyl and sodium ions. However, the adsorbed layer never
contained more than þ2 e in net charge. Therefore, the ability
of clay surfaces to adsorb uranyl appears to be limited by
electrostatic factors. Once the clay surface charge has been
neutralized by a net charge of þ2 e in the adsorbed layer, an
increase in ionic strength only serves to increase the diffuse ion
concentrations.

Following the approach of Zangi and Engberts,70 ion ad-
sorption is represented as the following equilibrium process:

M(diffuse) þ clay(s) - M-clay(aq,adsorbed) (1)

where M ¼ UO2
21 or Na1. Relative ion activities were

obtained from density profiles by comparing the area under
an adsorbed ion peak (Fig. 3) with the corresponding area
under the same vertical distance in the diffuse layer.70 Fig. 3

shows the adsorbed ion peak widths to be approximately 3 Å.
The entire diffuse portion of the ion density was integrated,
however, as opposed to a 3 Å portion which is not representa-
tive of the entire diffuse layer in the present case. The equili-
brium constant for adsorption can be written:

K ¼ ½Mðaq; adsorbedÞ�½Mðaq; diffuseÞ�

¼
ð% MadsorbedÞ=ðvoladsorbed layerÞ
ð% MdiffuseÞ=ðvoldiffuse layerÞ

ð2Þ

Because the areas of the adsorbed and diffuse layers are equal,
only the z-dimension of each layer needs to be considered,

K ¼ ð% MadsorbedÞðzdiffuse layerÞ
ð% MdiffuseÞðzadsorbed layerÞ

ð3Þ

Values for zadsorbed were obtained by taking the difference
between 36.0 Å and the height of the first nonzero ion density
(B32 Å). Values for zdiffuse were obtained by taking the
difference between 36.0 Å and the height of the last nonzero
ion density, which ranged from 65 Å–70 Å for uranyl and
71 Å–72 Å for sodium. Equilibrium constants calculated from
eqn (3) are shown in Table 2 along with the corresponding
standard state free energy values at 300 K, according to DG1 ¼
RT lnK. (R ¼ 0.008 3145 kJ K�1 mol�1). The calculated
equilibrium constants follow the same trend seen in Table 1.
The adsorption tendency of uranyl ions decreased as bulk
uranyl (and carbonate) ion concentrations increased, while
sodium adsorption equilibria appear to be unaffected. The free
energy values are in qualitative agreement with a comparison
of average potential energies corresponding to the above
process, which indicates that sodium and uranyl adsorption
is an exothermic process (data not shown). Even at the lowest
uranyl concentration, a majority of uranyl ions reside in the
aqueous layer (Table 1). Sodium surface complexes remained
indifferent to background electrolyte concentration. While
uranyl surface complexes appear to be thermodynamically
stable, their persistence is greatly influenced by the accompa-
nying ions in aqueous solution. The effect of solution composi-
tion and pH will be more acute for ion adsorption at clay edge

Table 1 Percentage of ions in adsorbed and aqueous layers

Adsorbed layerc Diffuse layerd

[UO2] UO2
21 (%) Na1 (%) Net charge/e UO2

21 (%) Na1 (%) Net charge/e

0.027a 37.4 10.4 1.4 62.6 89.6 4.6

0.081a 21.8 8.5 1.8 78.2 91.5 4.2

0.162a 10.2 7.6 1.7 89.8 92.4 4.3

0.162b 3.9 8.1 1.4 96.1 91.9 4.6

a For the first three sets, [UO2
21] ¼ [CO3

2�] and [Na1] ¼ 0.162 M. b For this data set, [Na1] ¼ 0.324 M. and [CO3
2�] ¼ 0.243 M. c Adsorbed

layer is within 6.0 Å of the external siloxane surface (30 Å o z o 36.0 Å). d Diffuse layer is greater than 6.0 Å from the external siloxane surface

(z 4 36.0 Å).

Table 2 Equilibrium constants and standard state free energies for ion

adsorption

K DG1/kJ mol�1

[UO2] UO2 Na UO2 Na

0.027a 5.4 1.0 �4.2 �0.032
0.081a 2.7 0.79 �2.5 0.58

0.162a 1.0 0.76 �0.10 0.68

0.162b 0.46 0.80 1.9 0.57

a For the first three sets, [UO2
21]¼[CO3

2�] and [Na1] ¼ 0.162 M.
b For this data set, [Na1] ¼ 0.324 M. and [CO3

2�] ¼ 0.243 M.
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sites, but with periodic boundary conditions our simulations
involve adsorption only on the basal plane of the clay.

Adsorption equilibrium is often expressed as a partition
coefficient, KD, to incorporate the geochemistry in hydrologic
transport modeling. An expression for KD is given by3

KD ¼
Cadsorbed

Cdiffuse

� �
Vl

ms

� �
ð4Þ

where Cadsorbed and Cdiffuse refer to solute concentration in the
adsorbed and diffuse regions, respectively, Vl is the volume of
the liquid in mL, and ms is the mass of solid sorbent in grams.
The ion adsorption equilibrium constants can be converted to
partition coefficients and are shown in Fig. 4. The nonlinear
trend in KD agrees with experiment.2,71 Two data points for
each ion are shown at [UO2

21] ¼ 0.162 M for the two runs at
low and high ionic strength. Ames et al.2 measured uranyl
adsorption on montmorillonite with initial uranyl concentra-
tions in the range 3.5 � 10�7 M to 1.0 � 10�4 M. At 25 1C, the
measured KD values were 425 mL g�1 to 625 mL g�1 in 0.01 M
NaCl background electrolyte.2 These values decreased sub-
stantially (less than 2 mL g�1) in 0.01 M NaHCO3.

2 The same

trend of decreasing KD with increasing carbonate concentra-
tion is observed. Our results are also in remarkable agreement
with experimental values between 0.50 mL g�1 and 10.6 mL
g�1 for uranyl adsorption on aquifer background sediment at
the Naturita uranium mill tailings site.72 The sediment con-
tained a mixture of mineral phases, including quartz, feldspars,
carbonates, magnetite, and clays.72 The adsorption experi-
ments were carried out in groundwater found in Naturita wells
with pH values between 6.8 and 7.2 and uranyl concentrations
between 0.02 mM and 10.2 mM. The uranyl concentrations in
our studies are necessarily much higher than those used by
Ames et al.2 or in the Naturita well water. Extrapolating the
simulation results to micromolar uranyl concentrations would
yield much larger KD values. However, the calculated values
represent upper limits because the mass of a single clay layer
was used in eqn. (4). It would be logical to use a larger ms value
when considering two factors: 1) the clay particles were prob-
ably not in a flocculated state during the experiments, and 2)
the composite sediment sample contains other minerals with
much lower surface areas.
One explanation for the difference in adsorption behavior of

sodium ions and uranyl ions is the tendency of the latter to
form aqueous complexes with available carbonate ions. It is
reasonable to substitute the [UO2

21] axis in Fig. 4 with pH.
The resulting trend of decreasing uranyl adsorption with
increasing pH has been verified experimentally4 and is in
qualitative agreement with the simulation results presented
here. Fig. 5 shows that uranyl adsorption onto montmorillo-
nite decreases drastically above pH 7.5. The bis- and triscar-
bonato uranyl complexes also predominate at high pH.
Simulation snapshots of two such complexes are seen in Fig.
6, which are taken from the third data set ([UO2

21] ¼ 0.162
M). The triscarbonato complex, [Na2UO2(CO3)3]

2�(aq), is
somewhat analogous to the neutral species [Ca2UO2

(CO3)3]
0(aq), which has been verified experimentally.65,73 The

Fig. 4 Equilibrium partition coefficients (KD) for sodium and uranyl
adsorption. The two data points at 0.162 M are described in Fig. 3 and
Table 2.

Fig. 5 Experimental results for uranyl adsorption onto montmorillo-
nite and pH dependence of uranyl carbonate speciation (from ref. 4).
Adsorption data (filled circles, left axis) are shown at 25 1C as a
function of pH for 2.2 � 10�6 M UO2

21(aq) and a montmorillonite
concentration of 3.2 g L�1. Aqueous uranyl speciation of uranyl
carbonate complexes (solid lines, right axis) are shown at 25 1C as a
function of pH for a 2.1 � 10�7 M UO2

21(aq) solution (0.1 M NaNO3

matrix) in equilibrium with PCO2
¼ 10�2.0 atm.

Fig. 6 Aqueous uranyl complexes from the adsorption simulation in
which [UO2CO3] ¼ 0.162 M. Only the complexes and surrounding
water molecules are shown. (a) [Na2UO2(CO3)3]

2�. (b) [(UO2)3
(H2O)6(CO3)3]

0. The color scheme matches that used in Fig. 1, with
U atoms shown in blue.
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oligomer in Fig. 6b, [(UO2)3(H2O)6(CO3)3]
0(aq), appears to be

a precursor to the [(UO2)3(CO3)6]
6�(aq) cluster resolved by

NMR data for uranyl concentrations greater than 0.05 M.73,74

Electrostatic factors prevent anionic (Fig. 6a) or neutral (Fig.
6b) uranyl complexes from approaching a negatively charged
clay surface. Due to statistical limitations caused by the small
numbers of uranyl and carbonate ions in the cell, we have not
tried to quantify the various uranyl complexes and oligomers
seen throughout the simulations. Fig. 6 serves to demonstrate
ion pairing possibilities that prevent diffuse uranyl ions from
forming surface complexes. U–O radial distribution func-
tions75 were used to obtain average coordination numbers
about uranium and sodium ions, as seen in Table 3. The
composition of the equatorial shell about uranium changed
dramatically as [UO2

21] and [CO3
2�] were increased. Carbo-

nato ligands replaced aquo ligands as more carbonate ions
were available to form complexes. Also, the uranium coordi-
nation number increased from 5.01 to 5.25, indicating that
some uranyl ions had a six-fold equatorial shell at higher
concentration. A uranium coordination number of 5.5(7) was
determined by X-ray absorption fine structure spectroscopy for
a solution containing 50 mM UO2(C2H3O2)2(aq) and 30 mM
NaHCO3(aq).

76 These results for uranium are consistent with
speciation diagrams (micromolar uranyl concentration) which
show the formation of bis- and triscarbonato uranyl complexes
as pH increases.4,77 In contrast, sodium coordination was
invariant to increases in [UO2

21] and [CO3
2�], except for the

slight increase in sodium coordination upon addition of 0.083
M Na2CO3 in the fourth data set.

Conclusions

We have outlined a new computational approach for quantify-
ing ion adsorption onto mineral surfaces. The three-dimen-
sional periodic boundary conditions with LJ boundaries allow
for the simulation of an interface between a mineral surface
and an aqueous layer without the short-range electrostatic
effects of a repeat in the substrate in the direction normal to
the interface. Simulations were performed for fairly large
system sizes (10 000 atoms) and long timescales (10 ns). The
technique allowed us to calculate ion adsorption equilibrium
constants and standard state free energies. Additionally, the
resulting trends are readily comparable with experimental
partition coefficients, KD, as a function of bulk solution con-
centration.

The model system features both cation (Na1) and anion
(CO3

2�) effects on uranyl adsorption onto a low-charge mont-
morillonite. Uranyl adsorption showed a marked decrease as
[UO2CO3] increases. We suggest that this effect is caused by the
accompanying increase in carbonate concentration. At higher
[UO2CO3], uranyl readily binds carbonato ligands and
forms oligomers, which are less inclined to form sur-
face complexes. Three such complexes, [(UO2)(H2O)3CO3]

0,
[Na2UO2(CO3)3]

2�, and [(UO2)3(H2O)6(CO3)3]
0, are reported

here and have been verified by experiment.
Future simulation work will examine the effects of clay

surface charge and mineralogy on uranyl adsorption. As

computational resources permit, we anticipate results for low-
er, and more applicable, ion concentrations.
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