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Effect of Electrolyte Concentration on Uranium
Species Adsorption: A Molecular Dynamics Study

Na Zhang,” Xiaoyu Liu," Chun Li* b and Chunli Liu™

Molecular dynamics (MD) simulations of uranyl species adsorption in montmorillonite pores
in 0, 0.05 and 0.10 M NaCl were carried out to investigate the influence of internal electrolyte
concentration on the uptake amount, species distribution and electrical double-layer (EDL)
structures. Most cases revealed that the - and d-planes of the adsorbates are located 4.3-4.6 A
and 5.5-5.8 A from the clay planes, respectively. However, based on the split carbonate peaks,
the exception, the left peaks near the clay surface for 0.10 M NaCl, formed more uranyl-
(bi)carbonate complexes than the other peaks. In this condition, each peak and minimum of
cations shifted slightly farther away from the clay plane. For this outlying case, the charge
density profile confirmed the charge inversion of carbonates near like-charged surfaces.
Collectively, the simulations revealed the subtle influence of the internal NaCl concentration
(0-0.05 M) on the EDL structures, uptake amount and species distribution. In particular, a
threshold concentration (0.10 M NacCl in this study) for charge inversion within the B-plane
may exist. Under this condition, a pronounced change in the EDL structure occurs, which in
turn causes a dramatic alteration in the uranyl species adsorption relative to lower electrolyte

concentrations.

Introduction

Uranium is a major radionuclide contaminant found at sites related
to human activities, such as mill tailings, mining and nuclear tests,
and potentially sites used for the geological disposal of waste.
Therefore, the transportation of uranium in the environment has been
studied in the experimental and spectroscopic methods for decades. !
27 No matter what condition, such as pH, Eh, ionic strength and
background ions, these studies used, the researchers assumed that the
predominant species are linear uranyl ions (UO2?*) and their
complexes based on thermodynamic calculations'?!> 17-1° and/or
spectroscopic studies.> 11> 19-21, 24-27

As a major component of bentonite, which is the candidate
backfill material for the deep geological repository of
radioactive wastes in many countries, montmorillonite is
present throughout soil and aquatic systems. It has a high
surface area and a notably high retention capacity for cations.?®
2% Therefore, a large number of batch experiments for the
sorption of various cationic adsorbates onto montmorillonite
have been carried out to investigate the retardation
mechanism.3%-3° These studies were performed under a broad
set of conditions, including pH, Eh, ionic strength and solid-
liquid ratio. Recently, Miller and Wang reviewed the
interaction of radionuclides with clays in dilute and heavily
compacted systems*® and concluded that for actinides, the
uptake onto the clay minerals depended primarily on the ionic
strength at lower pH, and was determined by pH at higher pH.
The widely applied surface complexation models (SCMs)
attribute this feature to two distinct adsorption mechanisms. At
low pH, the interactions between the actinides and fixed

This journal is © The Royal Society of Chemistry 2013

structural charge sites are electrostatic, forming outer-sphere
complexes. The electrostatic forces are not only specific for
actinides but also attract other competitive cations.
Consequently, the uptake amount at low pH depends on the
ionic strength.3® Another retardation mechanism dominates at
higher pH: the fixed charge is still present, but the edge sites
become more negative with increasing pH and dominate uptake
due to stronger chemical interactions, leading to inner-sphere
complexation.3®

Recently, computational methods are becoming popular in
investigating uranyl adsorption.3’-** Molecular dynamics (MD)
simulations have provided atomic insight into the solute
dynamics of aqueous solutions,*' structural and dynamic
properties of bulk water*> 4> and behaviors influenced by
mineral-water interfaces.**>® A few studies incorporating these
simulations have emphasized the fine electrical double-layer
(EDL) structure near flat charged surfaces.>> >® The MD results
of Tournassat et al. have shown a good quantitative consistency
with the modified Gouy-Chapman model for sodium ions.>?
However, the model also overestimated the anion exclusion for
chloride ions by approximately 50%. Bourg et al. confirmed the
existence of three distinct adsorption planes, which are often
assumed in EDL models.*® Several simulations have focused on
uranyl ions and their complexes. Kerisit et al. followed the
species-based diffusion concept and calculated the diffusion
coefficients of various uranyl species in aqueous solution and
near mineral surfaces.*’> 3! Doudou et al. presented MD
simulations to investigate the behavior of U(VI) in contact with
different calcite surfaces.*” Greathouse et al. investigated uranyl
adsorption on the surfaces of quartz>? and several clay minerals,
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including montmorillonite, pyrophyllite and beidellite.33
Stephanie et al. modeled systems including the competitive
adsorption between potassium counterions and aqueous
ions.’’From their MD results, they calculated the coordination
numbers of uranyl and the distance to ligands using the radial
distribution function (RDF) and estimated the Ka values. They
also investigated the influence of various initial uranyl-
carbonate concentrations on the uranyl species distribution at
equilibrium. They applied Lennard-Jones (L-J 93) walls at the
bottom and top of their simulation cells. L-J 93 walls prevented
atoms from entering the vacuum region and omitting the dipole
interactions between adjacent MD cells.

As mentioned above, most researchers have employed
SCMs to interpret the batch experimental data for actinide
adsorption on clays.!!"13: 15, 17-19 Fixed charge sites dominate
uptake at low pH. Under this condition, the sorption amount
decreases with increasing ionic strength because the
interactions between the formed outer-sphere complex and the
exchangeable sites on the clay surfaces are influenced by
competition with the background electrolyte. The function
between the uptake and the ionic strength is quantitatively
described by various electrical double-layer models within the
SCMs framework. However, our present understanding of this
phenomenon cannot answer the following questions. 1) How do
the cations distribute in the EDL near clay surfaces, especially
surfaces that form complexes with ligands? 2) Do the
background ions alter the EDL structure? 3) Does the ionic
strength affect the uranyl species distribution in the confined
clay pores? Therefore, the overarching purpose of this work is
to study the influence of electrolyte concentration on the
adsorption of uranyl onto montmorillonite internal surfaces
using MD techniques at the atomic level.

Results and discussion

For each simulation, we calculated the atomic density profile of
UO2%*, Na™, Ca2*, COs% and CI as a function of distance from the
average height of the surface O atoms (Fig. 1). Because the Z
dimension of each simulation cell varied slightly, Z* is introduced
and defined as follows: Z*= Z - Oave, where Z is the “actual” Z
coordinate of the specific atom and Oave is the average height of the
left topmost O atoms of the corresponding cell. The use of the Z*
coordinates allows us to investigate the influence of electrolyte
concentration on adsorption in an explicit way.

Three types of adsorbates species are assumed to compose the
EDL on charged solid surfaces in contact with an aqueous electrolyte
solution: inner-sphere surface complexes (ISSC), outer-sphere
surface complexes (OSSC), and diffuse swarm (DS) species. This
view is adopted, for example, as the molecular basis for the widely
applied triple-layer model (TLM), in which the distribution of ions
near a charged planar solid surface is calculated under a set of
simplifying assumptions that include assigning all ISSCs to a plane
at the solid surface (0-plane), all OSSCs to a second plane deeper
into the aqueous phase (B-plane), and all DS species to a region lying
beyond a third plane even deeper into the aqueous phase than the -
plane (d-plane).>®
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Fig. 1Atomic density profiles for uranium, sodium, calcium,
carbonate and chloride ion at NaCl concentrations of 0, 0.05 and 0.1
M.

Ion Adsorption

As indicated in Fig. 1, for all three electrolyte concentrations, the
uranium adsorbed onto montmorillonite forms two prominent peaks
at Z*=4.3-4.8 A and 33.5-33.9 A, which correspond to an average
distance from the most external oxygen atoms of ~4.5 A. Greathouse
et al. reported a slightly smaller value of 4.0 A based on simulations
using an L-J 93 boundary, SPC water model and fewer solute
species.> 34

Furthermore, comparing the first peaks of water with the
adsorbate peaks in atomic density profiles is a conventional method
of identifying whether the formed surface complex is inner- or outer-
sphere.’>>* Take the 0.05 M case for example, there are intervening
water molecules between the first cation peaks and the siloxane
surface, implying the formation of an outer-sphere complex for
uranium, sodium and calcium ions (Fig. 2).

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Atomic density profiles for adsorbed ions and water (NaCl
concentration is 0.05 M).

As expected, in each simulation, the atomic density profiles of
uranium are approximately symmetric due to the solute contact with
the identical clay planes. However, all shapes of the first peaks for
uranium in Fig. 1 are unique and vary slightly in either atomic
density or peak width. For example, in Fig. 1C, the right first peak is
more intense and broader than the left first peak. It should be noted
that the carbonate atomic profile shows two clear split peaks near the
left U peak in Fig. 1C, but no peak appears at the corresponding
positionin Fig. 1A and Fig. 1B. Obviously, the profile indicates the
formation of different complexes near the identical clay surfaces.
Our species analysis will verify this observation (see below).

The Ca?" and Na' ion density profiles show different features
than that of uranium (Fig. 1). The first peaks for these two cations
are lower, followed by higher, broader shoulder peaks, whereas the
uranium yielded pronounced first adsorption peaks and much lower
shoulder peaks. These profiles indicate that the majority of Na/Ca
ions are located further from the clay surfaces, whereas the most of
uranium ions are closer to the clay surfaces. In other words, the
adsorbtion amount of Na/Ca is less than the diffusion amount, but
for uranium, the adsorbtion is greater than the diffusion. Bourg et al.
and Tournasst et al. carried out several fairly long simulations
dedicated to the distribution of inorganic ions near clay surfaces.>> ¢
Similar to the uranium atomic density profiles presented here, their
results revealed sharp and easily identified first adsorption peaks of
sodium/calcium ions onto the montmorillonite basal planes followed
by lower shoulder peaks. The most likely reason for this discrepancy
is the complexity of the uranyl/carbonate/sodium ions/calcium ions
system, which includes competition between the uranyl ions and
other cations for adsorption onto clay surfaces. The “immobile”
adsorbed uranium ions occupy closer interfacial areas and repel
other cations from the clay planes.

Another notable feature is the absence of sodium ISSCs in the
atomic density profiles in this study, despite being minor but
discernible in the works of Bourg et al. and Tournassatet al.> 3
Instead, Na* only forms OSSCs at all three ionic strengths in this
study. The difference in the potential parameters of sodium may lead
to the absence of sodium ISSC. In addition, the Ca?" profiles in this

This journal is © The Royal Society of Chemistry 2012

Inorganic Chemistry Frontiers

work indicate the formation of OSSCs, which is consistent with
previous works.> % Finally, our results indicating that Na* and Ca?"
cannot access the 0-plane (formation ISSCs) are in agreement with
the TLM hypothesis.

Density profiles of chloride ions, which are modeled as
background electrolyte ions, are also mapped to investigate the
exclusive effect of negatively charged clay surfaces on anions.
Chloride ions (Fig. 1) form minor but discernible OSSC peaks
followed by higher DS peaks and then increase continuously to a
maximum at the center of the clay pore. Jardatet al.®presented a
similar Cl- profile in montmorillonite nanopores with a NaCl-
montmorillonite system. Bourg et al.’® studied a mixed NaCl-CaClz
solution in contact with smectite planes, reporting that chloride is
positively adsorbed in a broad region beyond lower DS peaks.

In Fig. 1, a majority of carbonates present in the region of 8.0 A
<Z*<31.0 A, and accompanying the shoulders of the three cations
present at this region as well. Carbonate is a well-known ligand for
uranyl and calcium ions. Consequently, these cations formed
complexes with the carbonato ligands, and these charged species
tend to be repelled by the negative clay surfaces as well as some free
carbonates. These free carbonates attract positively charged ions
around them to maintain local electric neutrality.

EDL Structure

Our results for the first peaks and minima of all ions (Fig. 1) are
approximately identical. In addition, the first peaks for cations
with intervening water molecules between them and clay planes
are convincingly proven to form OSSCs in Fig. 2. Hence,
following the suggestions of Bourg et al.,’® the density
maximum corresponding to OSSC coordination is associated
with the TLM B-plane, whereas the minimum between OSSC
and DS peaks is associated with the TLM d-plane. We define
the region within the d-plane as the adsorption layer and ions
beyond these planes as being diffuse. Consequently, the pore
btionspace was divided into three parts along the z-axis: two
adsorbed layers and one diffuse layer.

Our results for the locations of the - and d-planes and DS
peaks are tabulated in Table 1. The two values separated by
backslashes correspond to the two identical clay planes with
which our aqueous solution is contact. We exclude carbonate in
the table because it is a well-known ligand for uranyl and
calcium ions, meaning that the complexes formed with these
cations cannot be attributed to adsorption by the clay surfaces.

Except for the values obtained near the left clay plane in the
0.10 M NaCl background electrolyte, the adsorbate (uranium,
sodium, calcium, chloride) coordinates in the - and d-plane are
almost identical(Zp*=4.50+0.10 A, Zg*= 5.65+0.15) at all three
ionic strength. Bourg et al.’°reported similar values, i.e.,
Zp*=4.35+0.10 A and Zq*= 5.65+0.10 with a mixed electrolyte
(NaCl-CaCl2) solution despite using different potential
parameters. Their results confirmed that the positions of the -
and d-plane are invariant with adsorbate type and suggested
that the ionic strength does not effect the locations, which are
consistent with the TLM hypothesis.
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Table 1 Location (A) of each peak and minima of cation density profiles in this work.

Values shown here represent distance from most external oxygen plane of vicinal clay surface. The OSSC peak and minima
between OSSC and DS are corresponding to fB-plane and d-plane, respectively. There are two values shown on both sides of
backslashes due to the fact that our aqueous solution is contacting to two identical clay planes.

0 mol.dm3 0.05 mol.dm™ 0.1 mol.dm™

Uranium
OSSC (B-plane) 4.4/4.4 4.4/43 4.8/4.3
OSSC/DS min (d-plane) 5.8/5.8 5.8/6.0 6.5/5.8
DS 7.7/7.6 7.6/7.6 7.9/17.6
Sodium
OSSC (B-plane) 4.5/4.5 4.4/4.5 4.9/4.4
OSSC/DS min (d-plane) 5.5/5.6 5.6/5.6 6.0/5.6
DS 7.7/7.8 7.7/7.7 8.2/7.6
Calcium
OSSC (B-plane) 4.6/4.5 4.6/4.6 5.1/4.6
OSSC/DS min (d-plane) 5.6/5.6 5.6/5.6 6.2/5.5
DS 7.6/7.8 7.6/7.7 7.9/17.6
Chloride
OSSC (B-plane) \ 4.5/ 4.8/4.5
OSSC/DS min (d-plane) \ 5.4/ 6.0/ 5.4
DS \ 7.1/ 7.2/ 6.8

2 Indiscernible peak/minima from the atomic density profile near corresponding clay plane.

However, one set of our results, namely the locations near

the left clay plane in 0.10 M NaCl background electrolyte, shift

slightly (0.4+0.10 A) toward the aqueous region. The locations 1.2 0.10M NaCl

should be identical to the right one because the simulation cell .

is periodically duplicated. This result conflicts with the £ ]

majority of results obtained here and in analogous works,>® O 0.8

which suggest that the coordinates of the - and d-planes are ‘i_; 06

essentially independent of the type of ions and ionic strength. =

To the best of our knowledge, this result has never previously B 0.4

been reported in a MD simulation study. Because of the 8 0.2

increasing electrolyte concentration and anion exclusion, more o) 0.0

chloride ions are present in the middle region of the clay pore. g

These anions repel the like-charged carbonates toward the clay O .0.2-

surfaces to form uranyl-(bi)carbonate(s) complexes, as 04

indicated in the left side of Fig. 1C (the splitting carbonate ' : ‘ : : ‘

density). These complexes may stabilize their negative ligands, 0 10 20 30 40

carbonates, to overcome the repulsive force from the negatively ZA

charged surfaces. Hereafter, some of these ligands exist at the
interfacial area within the B-plane. The presence of anions in
the B-plane in the absence of a positively charged plane was
previously presented by Bourg et al., who hypothesized that the
Cl- OSSCs in their study were stabilized by Ca?" as CaCl* ion
pairs.>® This fact can be verified by the charge density profile
(Fig. 3), in which an apparent charge inversion phenomenon is
observed due to the accumulation of negative ions near charged
surfaces which means more uranyl-(bi)carbonate(s) are formed
than other cases. These complexes with greater hydrated ion
radius will occupy the finite interfacial areas and repel other
cations from the clay planes. Hence, the corresponding planes
shift farther from the clay plane. Collectively, our results
suggest that the coordinates of the B- and d-planes are
essentially independent of the type of ions and ionic strength
provided that the charge inversion phenomenon does not occur
within the d-plane.

4| J. Name., 2012, 00, 1-3

Fig. 3 Charge density profile within clay pore spaces a function of
Z*-coordinates (NaCl concentration is 0.1 M).

Influence of NaCl Concentration
Adsorption

One purpose of this study is to investigate the influence of
electrolyte concentration on uranium species adsorption. The
various NaCl concentrations modeled in the clay pores
represent different ionic strengths in the external solution.
However, neither the accurate nor the analytical relationship
between the internal and external electrolyte concentration is
known. Therefore, we emphasize that the modeled NaCl
concentration in clay pores is not the conventional ionic
strength but can be considered as a proxy of the external ionic
strength.

Various uranyl carbonate species (MxUO2(CO3)y* with M =
Na, Ca) are readily formed in natural microscopic intragrain
domains.?> 2! To concisely investigate the uranium species
adsorption, we determined which uranyl-carbonate complexes
would form and then calculated their proportion during

on Uranium Species

This journal is © The Royal Society of Chemistry 2012
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simulation. The distance between carbonate C and U atom in
uranyl was set as 3.1 A to evaluate the possible complexes.
This protocol is similar to the conventional radial distribution
function (RDF), which counts the numbers of atoms of interest
that present in a sphere of a specific radius. The position of
uranium atoms from each trajectory is considered as the sphere
origin. For example, if two carbon atoms are located less than
3.1 A from the central uranium atom, a bicarbonate uranyl
complex is proposed. The calculations confirmed the presence
of uranyl (UO2?") and three other uranyl-carbonate complexes
(U02C03, UO2(CO3)2* and UO2(COs)s*). The results are
shown in Fig. 4 and Table 2.

The modeled NaCl concentrations in clay pores may
correspond to a moderate external electrolyte concentration
range, 0-0.5 M, which is roughly estimated using the MD
results of Jardat et al.**Contrary to our expectation that the
adsorbed wuranium will decrease with increasing Na*
concentration, the changing internal concentration has only a
minor influence on the amount of total uranium in the adsorbed
layer. The moderate change in total sodium content may
account for this result. As mentioned above, 0 M NaCl
corresponds to66 compensative sodium ions and zero NaCl
pairs, whereas 0.05 and 0.10 M correspond to66 compensative
Na* ions along with 10 and 20 Na* ions in the clay pore,
respectively. Therefore, the moderate change for sodium ions
(66 to 86) definitely has a minor influence on the uptake of the
total uranium. Interestingly, the third simulation, with respect to
0.10 M NaCl, has the highest adsorbed amount of U. The
charge inversion mentioned above indicates that abundant
carbonates are present within the d-plane. Consequently, there
are more uranyl-(bi)carbonate(s) complexes in the adsorbed
layer to maintain local electronic neutrality. UO2?" is the
predominant species in the adsorbed layers in the first two
simulations, whereas UO2?*, UO2CO3 and UO2(CO3)2> are
essentially equal in the third simulation (0.10 M NaCl). The
uranyl-(bi)carbonate(s) complexes were substantially more
prevalent in the diffuse layer than in the adsorbed layers, and
there are no remarkable distinctions in the uranyl species
fractions between 0 M and 0.05 M NaCl. In addition,
UO2(CO3)3* species are only found in the diffuse layer , and it
is scarce. Based on our MD results, we suggest that the
moderate change in the concentrations of competitive ions in
the clay pore has a small effect on either the uptake amount or
the species distribution for internal NaCl concentrations of 0-
0.05 M. Furthermore, our results suggest the existence of a
threshold concentration beyond which the EDL structure
changes significantly, which in turn influences the adsorption
of uranyl species.

Table 2 Percentage of adsorbates

Inorganic Chemistry Frontiers
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Fig. 4 Atomic density profiles for various uranium species.

Adsorbed layer? Diffuse layer®

U0 UO02C03 UO02(CO3)>  UOx(CO3)s* U0 UO02C03 UO2(CO3)>  UOx(CO3)s*+
oM 40.9% 1.4% 0.0% 0.0% 17.1% 20.6% 19.8% 0.2%
0.05M  40.9% 4.3% 0.0% 0.0% 20.2% 16.3% 14.2% 0.1%
0.10M 17.0% 17.4% 20.9% 0.0% 3.0% 10.6% 30.5% 0.5%

Na* Ca?* Cr Na* Ca?* Cr
0M 13.0% 15.6% 87.0% 84.4%
0.05M  12.1% 11.2% 1.8% 87.9% 88.8% 98.2%
0.10M 13.9% 13.4% 3.8% 86.1% 86.6% 96.2%

2 Adsorbed layer is within the d-plane.
b Diffuse region is greater the d-plane.

This journal is © The Royal Society of Chemistry 2012
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Molecular Dynamics Simulation Methodology

Our simulation methodology is briefly reviewed as follows.
According to Clay Mineralogy, montmorillonite mineral
structure was derived from pyrophyllite structure through
lattice  substitutions  for  high-valence cations. The
montmorillonite atomic coordinates used herein were fixed
based on the pyrophyllite structure reported by Bickmore et
al.>® low-charge montmorillonite (0.33 e/unit cell) with the
average formula of WNao.33[Sis][Als.67Mgo.33]020(0H)s was
modeled. The negative structural charge arises from randomly
scattered isomorphic substitutions of Al** by Mg?" in the
octahedral sheet. An exclusion rule was used to ensure that two
substitutions could not occur on adjacent sites. Half of the total
charge was compensated by 66 sodium cations in the pore
aqueous region, whereas the other half was balanced in the
interlayer. According to XRD results for water-saturated
compacted Na-smectite at montmorillonite partial dry densities
between 1.0 and 1.5 kg.dm-3,%% 6. 11 water molecules per unit
cell were used to model a two-water-layer interlayer structure.

Montmorillonite

Pore Space

Journal Name

Simulations were carried out for U/Ca/C compositions of
10/10/20 atoms, resulting in approximate bulk concentrations of
0.05, 0.05 and 0.1 mol.dm™, respectively. Additionally, 0/10/20
NaCl ion pairs, corresponding 0/0.05/0.1 mol.dm-3, were added
to model various ionic strengths. Depending on the ionic
strength, our periodically replicated simulation cell (Fig. 5)
contained two montmorillonite layers (20x10%2 unit cells) with
an interlayer region along with an aqueous pore space
containing 11120-11150 water molecules, 20 carbonate ions, 10
uranyl ions, 10 calcium ions, 66-86 sodium ions and 0-20
chloride ions. It is worth noting that the NaCl electrolyte

concentrations mentioned above are the “internal”
concentrations in the clay pores, not the “external” ionic
strength in the aqueous solution. Furthermore, these two

concentrations are not equal due to the Donnan equilibrium at
the interface between clay pores and external bulk solution at
low ionic strength.’® Understanding the uranyl adsorption
behavior under these conditions is of great importance because
most groundwater systems have relatively low electrolyte
concentrations.

Montmorillonite
4 P vy 3

amiena o

Py

,-f;ﬂJtl..L

PR

2

| ntrla';'er

I

Fig. SA snapshot of the MD simulation cell. This figure shows a uranyl containing aqueous solution confined in a montmorillonite
pore between parallel clay surfaces, with U (blue), C (gray), Na (purple), Ca (green), CI (light green), O (red)and H (white) atoms
in the pore region and Si (yellow), Al (violet) in the clay mineral structure.

The UO2?" potential parameters were mostly derived from
Guilbaud and Wipff.®> © Based on these parameters and the
modified carbonate parameters, Greathouse and co-workers
obtained satisfying configurations for uranyl carbonate
complexes and simulated the adsorption of uranyl onto clay
basal planes with the SPC water model.>?->* ¢4 Recently, Kerisit
and Liu successfully assembled a consistent set of potential
parameters for modeling the diffusion of alkaline-earth uranyl
carbonate species in solution.*! The assembled model used the
uranyl potential parameters from Guilbaud and Wipff,%% ¢ the
carbonate parameters from Pavese et al.,% the calcium
parameters taken from de Leeuw and Parker®® and the SPC/E
water model. MD studies relevant to aqueous diffusion

6 | J. Name., 2012, 00, 1-3

problems preferred to use the SPC/E model, which could more
accurately reproduce the water diffusivity than the SPC water
model. > 45 48 55 Therefore, we employed the same potential
parameters taken from Greathouse and co-workers for the
aqueous species (carbonate, uranyl), the extensively verified
CLAYFF® for the montmorillonite and aqueous ions, and the
SPC/E water model.

All simulations were carried out with the LAMMPS
software package.® Constant NVT (number, volume,
temperature of 298.15 K) or NPT (number, pressure of 0 atm,
temperature of 298.15 K) ensembles were used with thermostat
and barostat relaxation times of 0.1 ps and 0.5 ps, respectively.
The electrostatic forces were calculated by the Ewald

This journal is © The Royal Society of Chemistry 2012
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summation method. The Verlet leapfrog integration algorithm
was used to integrate the equations of motion with a time step
of 0.001 ps. Three simulations of 6000 ps with various ionic
strengths were performed to investigate the influence of ionic
strength on the adsorption of uranyl onto montmorillonite basal
planes. First, 1000 ps NPT simulations were carried out to
determine the cell dimensions at 298.15 K and constant gauge
pressure P,= 0. Thereafter, 5000 ps NVT simulations were
performed at 298.15 K, and the trajectories dumped from the
final 4000 ps were used to analyze the adsorption profiles.

Conclusions

Three internal NaCl concentrations (0 M, 0.05 M and 0.10 M)
were modeled to investigate the influence of the electrolyte in
clay pores on the uranium species adsorption using molecular
dynamics simulations. General adsorption information has been
obtained from atomic density profiles. Uranium, sodium and
calcium were shown to form OSSCs and be positively adsorbed
near clay surfaces. In most cases, the uranium adsorbed onto
montmorillonite, forming two prominent peaks approximately
4.3-4.8 A from the clay planes. The exception, namely, the left
peaks near the clay surface for 0.10 M NaCl, formed uranyl-
(bi)carbonate complexes unlike those formed in the other
electrolyte concentrations. As expected, chloride, due to its
exclusion from the like-charged surfaces, exhibited a slowly
increasing parabolic adsorption profile. EDL structures were
also studied. The locations of the (- and d-planes were
identified, and the charge inversion of carbonate was verified
by its charge density profile. Collectively, our results suggest
that the coordinates of the B- and d-planes are essentially
independent of the type of ions and completely independent of
ionic strength provided that charge inversion does not occur
within the d-plane. One purpose of this study was to investigate
the influence of electrolyte concentration on uranium species
adsorption. The simulations revealed a minor influence on
either the uptake amount or the species distribution for internal
NaCl concentrations ranging from 0-0.05 M. In particular, there
may exist a threshold concentration (0.10 M NaCl in this study)
beyond which the EDL structure changes significantly, which
in turn strongly affects the uranyl species adsorption.
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