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Abstract

Sorption of pentavalent radioactive pollutants from ground and sea water to
bentonite clay was studied under various conditions using Monte Carlo
simulation. The primitive model was used in which water of a certain
dielectric permittivity constant is contained, and the ions are treated as
charged hard spheres with the same diameter. Furthermore, the clay
platelets were considered to be two parallel planer uniformly charged
surfaces. Depending on a series of simulations in grand canonical
ensemble, the average electrical double layer concentration and the
retention coefficient of pentavalent cations were calculated as a function of
pentavalent concentration in the aqueous solution, temperature of the whole
system, surface charge density on the platelets and ionic strength of the
solution.

The results of this study indicate that, the sorption behavior of pentavalent
cations is strongly influenced by the previously mentioned parameters. In
particular, the average electrical double layer concentration of pentavalent
cations increases by increasing the bulk concentration of pentavalent
pollutants and the surface charge density. This average concentration

decreases by increasing the ionic strength. However, the retention



XV
coefficient of pentavalent cations tends to increase by increasing the
surface charge density whilst it becomes less by increasing the pentavalent
concentration in the bulk and the ionic strength. Moreover, the average
concentration and the retention coefficient of pentavalent cations decrease
very slightly with increasing temperature. Besides, the results show that
bentonites are suitable sorbents for recovery and sorption of pentavalent

radioactive pollutants from different aqueous solutions.
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Chapter One
Introduction
Contamination with radionuclides resulted from the widespread sources of
radioactive wastes forms a critical threat to ground water. The leakage of
radioactive metals to the ground water causes polluted waste water.
Because of the harmful effects on human beings due to the toxicity of
those metals even at low concentrations and their long half life times, the
treatment of this serious problem is obviously of great concern as would be
seen in the following section.
1.1 Solutions for Handling Waste Water and SKB Method
A number of different conventional techniques have been investigated for
disposal and elimination of radioactive metals from waste water. These
approaches include precipitation, solvent extraction and electrochemical
treatment (Li et al., 2009). Besides, aeration, oxidation and filtration
method which is applied in Estonian ground water treatment (Lumiste et
al., 2012). Among all the proposed methods, sorption is the most popular
one that is simply applied, effective and economic (Zhao et al., 2011).
The term sorption relates to all processes in which the concentration of
dissolved species increases at the interface between the aqueous phase and
the solid surface (solid-solution interface). The sorption includes adsorption
(when the element is attached on the surface by adhering) and absorption
(when it is attached in the solid by an uptake). The sorption process
basically reflects three kinds of chemical bonds; electrostatic attraction,

covalent bond and van der Waals bond.
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The sorption of radionuclides on different kinds of solid material from
large volumes of waste aqueous solution is a potential process for reducing
the transport of radionuclides to the environment. The adsorbents applied to
decontaminate the effluents include clay minerals as bentonite clay
(Lujaniene et al., 2006; Xu et al., 2008), activated carbon (Selvi et al.,
2001), carbon nanotubes (Li et al., 2003), biosorbents such as microbial
biomass (Tsezos and Volesky, 1981), metal oxides as titanium oxide (TiO,)
(Zhang et al., 2003) and zeolites (Chutia et al., 2009). In addition, there are
many other kinds of adsorbents used for water purification. For example,
the removal of Pb?*, Zn®* and Cd** using by-products steelmaking industry
such as rolling mill scale and blast furnace sludge was studied by (Martin et
al., 2005). Moreover, the adsorption of Ni** and Cu®* using oyster shell
powder was studied experimentally by (Hsu, 2009).
A more recent alternative technique for treating the nuclear waste is to
deposit the radioactive wastes in deep geological repositories in clay
sediments (Gera et al., 1993). However, Swedish Nuclear Fuel and Waste
Management Company known as SKB (Svensk kdrnbrdnslehantering AB),
uses an effective multiple barrier method for final disposal of radioactive
wastes from environment (Elam and Sundqvist, 2009; www.skb.se). This
method can be summarized as follows:
1. The radioactive wastes are encapsulated in canisters made of copper
with iron insert (Figure 1.1a). The copper is used for corrosion

resistance where as the iron strengthens the canister well.
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2. These canisters are embedded in bentonite clay which is used as a
buffer, that protects the canister against rock movement. Also it
prevents water from leaking to the canister (Figure 1.1b).
3. The canisters are then emplaced in crystalline bedrock at a depth of
500 m (Figure 1.1c).
4. When the deposition is finished, the rock caverns and tunnels are

sealed.

Fuel pellet of Spent Ductile iron insert Bentonite clay Surface portion of final repository
uranium dioxide  nuclear fuel

500 m

Cladding tube ~ BWR fuel Copper canister Crystalline Underground portion of
_ assembly ) bedrock final repository
(b) (c)
(a)

Figure 1.1 SKB method for final disposal of radioactive wastes. (a) The copper canister
with iron insert, (b) the bentonite clay as a buffer and backfill material and (c) the

crystalline bedrock. (www.quintessa.org).

The waste repository must guarantee the isolation of toxic and long lived
radioactive wastes from environment. This efficient repository can be
easily achieved by using bentonite which has the features that make it good

host formations for radioactive wastes. Bentonite clay has good sorption
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capability, so that if the canister is broken it could prevent the leakage of
radioactive wastes from the canister. In addition, it has sufficient physical
and chemical stability under high pressures, temperatures and other varying
conditions of ground water. Therefore, bentonite can be used as backfill
material between the engineered and natural barriers (Poernomo, 2010).

1.2 Literature Review

Retention of ions on bentonite clay and their dependence on several
parameters have been investigated both experimentally (Delattre-Louvel et
al., 1993; Lujaniene et al., 2006; Sabodina et al., 2006) and theoretically
(Windt et al., 2004; Bardbury and Baeyens, 2005). For example, the
swelling properties of natural Mx-80 bentonite and Ca/Na montmorillonite
have been studied experimentally and theoretically (Segad et al., 2010).

In such a study, the theoretical data from dialysis and X-ray scattering
experiments are confronted with the results from Monte Carlo calculations.
A large swelling for monovalent counterions and a limited swelling for
divalent couterions has been revealed. The limited swelling of clay, when
the divalent counterions are in the aqueous solution, is explained upon the
inclusion of the effect of ion-ion correlation.

Recently, the effect of wvalency on sorption process on Ca/Na
montmorillonite using Monte Carlo simulations have been performed by
(Qamhieh and Jonsson., The retention of multivalent pollutants in mineral
layers, in preparation, 2015). It was found that for different valencies of
counterions (M* and M*) in the bulk solution of ground water, a

competition for the charged surfaces exists. This competition depends on



5

the valency of counterion M, and as a result, the following results were
noticed:

1. M"™ retention coefficient increases by increasing the surface charge

density.

2. M™ retention coefficient increases by decreasing the ratio Na'*/Ca*".

3. M™ retention decreases by increasing the bulk concentration of M"™.
Moreover, Monte Carlo simulations have been performed to study the
sorption of trivalent and tetravalent cations from sea water on bentonite
clay (Maraaba, 2014). It was concluded that the retention coefficient
increased by decreasing the multivalent concentration species in the bulk,
temperature and ionic strength, whereas the surface charge density enhance
the sorption process.
Various models and experimental studies were carried out to examine the
sorption behavior of pentavalent cations on bentonite clay and their
reliance on different factors as pentavalent concentration in the bulk
solution, surface charge density of the clay platelet (pH), type of water,
pressure, temperature and others. For example, the effects of changing pH
on sorption process of Np(V) to montmorillonite was studied
experimentally and by simulations by (Turner et al., 1998). In that study,
the Np(V) batch sorption experiment was carried out at a fixed mass to
volume ratio (4 g/L), ionic strength (0.1 molal NaNO;) and initial Np(V)
concentration of 1x10° molarity. The 2-site Diffuse-Layer Model (DLM)
was used to predict the theoretical sorption values. However, a good

agreement was found between the theoretical values from DLM model and
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the experimental results. Accordingly, it was concluded that the sorption
process is strongly affected by pH.
In addition, there are several studies investigating the influence of pH on
the sorption process (Turner et al., 1998; Zavarin et al., 2012; Beall and
Allard, 1981; Allard et al., 1984; Torstenfelt et al., 1988; Triay et al.,
1993). In those studies, the general behavior of the distribution coefficient
of Np(V) tends to be constant for pH < 7, since in this interval the sorption
is confined on the cation exchange which is a pH independent mechanism.
Whereas, for pH > 7, the distribution coefficient increases by increasing
pH. When the experiments were done in atmospheric pressure, the sorption
process showed an increase with increasing pH up to pH value of 8 beyond
which sorption decreases until pH value of 9.5 (Turner et al., 1998; Bertetti
et al., 1998; Bertitte et al., 1995). This decreasing behavior could be
explained by the complexation of Np(V) element with the carbonate
existing in the solution.
The impact of the metal ions concentration in the bulk solution has been
examined in the studies of (Begg et al., 2013; Xi et al., 2011; Zavarin et al.,
2013). The sorption process in those studies was found to decrease by
increasing the concentration of Pu(V), Sb(V) and Np(V) in the bulk,
respectively.
Furthermore, the salinity of the solution will inhibit the sorption on
montmorillonite. The sorption of Np(V) decreased by increasing the ionic
strength of the solution through increasing the concentration of each of

CaCl,, MgCl,, NaCl and KCI (Zavarin et al., 2013). Such experimental
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results are in agreement with the results obtained by (Zavarin et al., 2012;
Sabodina et al., 2006; Kozai et al., 1994; Lu et al., 2009).
The temperature can also enhance or reduce the retention of pentavalent
species. It was found that the sorption of As(V) decreases by increasing the
temperature (Zahra et al., 2009), while the sorption of Np(V) (Ohe et al.,
1993) and Pu(V) (Lu et al., 2009) was found to increase by increasing
temperature.
The sorption rate is also influenced strongly by the chosen adsorbent
substance. For example, the sorption rate of Pu(V) on clays containing Fe
or Mn minerals such as magnetite [Fe3O4] and groutite [a-MnOOH)] differs
from clays with little or no Fe or Mn such as gibbsite [AI(OH)s] and quartz
[SiO,] (Begg et al., 2013). This difference is explained by the surface
reduction of Pu(V) element to Pu(lV) in the presence of reductant element
on the clay which leads to a slower and stronger sorption. Moreover, the
sorption rate of Pu(V) is affected by pH and ionic strength of the solution
in a way that is different from goethite [a-FEOOH], magnetite and hematite
[a-Fe,03] (Zavarin et al., 2012).
1.3 Objectives
The aims of this work are:
1. Applying Monte Carlo simulations in order to study the sorption
process and to quantify the retention of pentavalent ions on bentonite
clay when the waste water reservoir includes different types of

cations.
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2. Determining the effects of the following parameters on sorption
process using Monte Carlo simulations:
» Pentavalent concentration in the bulk.
» Surface charge density.
» Temperature.
> lonic strength.
3. Comparing the obtained results of this study with the available

related experimental and theoretical ones.
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Chapter Two
Theoretical Background

2.1 Clay Minerals

Clay minerals are described by hydrous aluminum silicate composition
with a finite crystalline layered structure and very small particle size (less
than 2 micrometers) (Robinson, 1962). They belong to the group of
phyllosilicates and their structure is built of two distinct basic units (Grim,
1968; Meunier, 2005).

The tetrahedral sheet is a group of tetrahedron units having a silicon atom
in the center and four oxygen atoms at the corners (Figure 2.1a), (Grim,
1968). They are linked to each other to form a tetrahedral sheet (Figure
2.1b) by sharing their atoms. The unshared atoms (the apical oxygen) of
each tetrahedron point in the same direction and combine with the
neighboring octahedral sheet. On the other hand, the octahedron unit in an
octahedral sheet is composed of aluminum or magnesium in the center and
six oxygen atoms or hydroxyl groups at the corners (Figure 2.2a), (Grim,
1968). All the bases of octahedrons are connected to form an octahedral

sheet (Figure 2.2Db).



(b)

Qad() = Oxygens O and®=Silicons

Figure 2.1 Diagrammatic sketch illustrates (a) a single tetrahedron unit and

(b) isometric view of tetrahedral sheet. (Grim, 1968).

O and ()= Hydroxyls . Aluminums, magnesiums, irons, efc.

s

Figure 2.2 Diagrammatic sketch illustrates (a) a single octahedron unit and

(b) isometric view of octahedral sheet. (Grim, 1968).
Tetrahedral sheets (T) joined with octahedral sheets (O) in such a manner
to form layered clays of two layer (1:1 = T:O), three layer (2:1 = T:O:T)
and mixed layer which is a mixture of the two previous types. The clay

minerals have been classified into different groups depending on many
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factors (Meunier, 2005; Faure, 1998). Such factors include the number of
clay layers, bonding joined layers together, various crystal structure
resulted from the combinations of different sheets and cations, physical
properties and the chemical compositions. The last one is found in

octahedral sheet due to the ability of replacement of AI**

atom by other
cations, such as Cr**, Fe*" (trivalent) or Mg?*, Fe?* (divalent). Accordingly,
there are four distinct groups of clay minerals; smectite, vermiculite,
kaolinite and illite. Particularly, clay minerals are widely used for
adsorption of different kinds of pollutants from radioactive waste solutions
(Eylem et al., 1989). However, their contribution of controlling the
concentrations of radioactive metals varies with solution pH, ionic strength,
contact time, variation in mineralogy. The uptake of metal ions on clay
minerals includes a variety of processes. These processes include ion
exchange, inner- or outer-sphere surface complexation and surface
precipitation.

2.2 Bentonite Clay Structure

The main component of bentonite is montmorillonite which belongs to
smectite group. It is 2:1 layer clay that consists of a central alumina
octahedral sheet sandwiched by two silica tetrahedral sheets forming the
unit cell formula {Al,(OH)»(Si,0s),} (Van Olphen, 1977), Figure 2.3
(Grim, 1962). As can be seen, these three sheets form platelet of about 1
nm thick by sharing the oxygen atoms on the apices of silica tetrahedral
sheet with hydroxyl or oxygen of the octahedral sheet (Robinson, 1962;

Trauger, 1994), and together form a lamellar structure which illustrates an



12
electrical double layer model in the presence of aqueous electrolyte

solution (Jeffery et al., 1994).

STRUCTURE OF
MONTMORILLONITE
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Figure 2.3 Diagrammatic sketch of montmorillonite structure. (Grim, 1962).

Each bentonite platelet consists of two types of surfaces; external basal
surfaces (faces) and edge surfaces (Jonsson et al., 2008). These surfaces
acquire a charge resulted from the substitution in the layers or from the
reactions occurring at surface sites. The basal surfaces have a permanent
negative charge attributed to isomorphous substitution in sheets, for
example, the exchange of AL™ with Mg*? or Fe*? in alumina octahedral or

Si** with AL* in silica tetrahedral. On the other hand, the charge of the
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edge surfaces which include broken bonds is determined by the reactions at
the surfaces sites (Grim, 1953).
In the existence of water, the exposed alumina or silica coordinates with the
water molecules (Stumm, 1992) according to the following reaction:
J+H,05JOH +H" (2.1)
Where, J represents the metal ion at the surface. The surface site (JOH)
resulted by forming bond between ion J and OH group posses a neutral
charge. In the case of acidic solution, pH<7, the charge on the edge
surfaces is positive because of the association of hydroxyl group with the
proton, as described in this reaction:
JOH + H's JOH, " (2.2)
While in the basic solution, pH > 7, the edge surfaces have a negative
charge due to the dissociation of the hydroxyl group as:
JOH S JO +H” (2.3)
Therefore, the net negative value of the charge on the platelet surface will
increase by increasing the solution pH.
The net negative charge on the platelet is neutralized by cations between
layers, such as Ca*, Na*™* and Mg*? (Trauger, 1994; Grim, 1953). The clay
platelets can arrange in three ways, namely, face to face (stacked platelets),
edge to face and edge to edge (Meunier, 2005).
An identifying property of montmorillonite obtained from the weak
interaction between the linked platelets is the expansion of crystal lattice
when the polar molecules as water penetrate between the stacked platelets

(Grim, 1953). Moreover, the additional features of bentonite including high
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retention capability for cations, low permeability, plasticity, high swelling
and large surface area candidate bentonite to serve as an effective barrier
for retarding the radionuclide migration (Bartl and Czurda, 1991; Gera et
al., 1993; Trauger, 1994).
2.3 Diffuse Double Layer
When a clay platelet is immersed into aqueous electrolyte solution, the
cations will hold on the clay surface due to the electrostatic interaction,
while the negatively charged particles tend to escape away from the
charged surface in order to equal the solution concentration. The negative
charge on the clay platelet and the cations distribution in the solution are
commonly known as Diffuse Double Layer (DDL), (Mitchell, 1993).
The diffuse double layer (DDL) concept was developed from the principles
of the electrical double layer that describes the differences of the electrical
potential close to a charged surface. However, the DDL plays a significant
role in the colloidal behavior and other surfaces inside electrolyte solution.
There are different models proposed to describe the structure of DDL. The
earliest one is Helmholtz model (Figure 2.4), (Endo et al., 2002; Mitchell,
1993; Van Olphen, 1977) in which two essential shortcomings were
pointed out, namely:

a. The interactions of anions and cations occurring away from the

charged surface were neglected.
b. The thickness and the extent of the diffuse double layer do not

depend on the electrolyte concentration.
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Therefore, the Helmholtz model is similar to the parallel plate capacitor;
where its first plate forms from the clay surface of negative charge, and the
second plate is the rigid cations linked opposite to the surface (Endo et al.,
2002). In this model, the electric potential falls pointedly from its extreme
point on the charged surface to about worthless value on the center of the

compact fixed layer that consists of adsorbed cations.

Potential ¢
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Figure 2.4 (a) Helmholtz model which is identical to parallel plate capacitor.

(b) The electrical potential of the aqueous solution is falling sharply. (Mitchell, 1993).

Helmholtz model has been developed as a new model known Gouy and
Champan model (Figure 2.5), (Mitchell, 1993). In this model, the electrical
potential of the solution is decreasing exponentially from the charged
surface and is extending to the aqueous solution due to the adsorbing of
cations away from the surface. The calculated concentration of ions is very

high at the charged surface because of the assumption of ionic charges



16
(Van Olphen, 1977; Mitchell, 1993). It should be pointed out that the ionic

size in this model is not taken into consideration (Meunier, 2005).
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Figure 2.5 (a) Gouy-Champan model that has a diffuse layer.

(b) The electrical potential of the solution is decreasing exponentially from the charged

surface to the extended solution. (Mitchell, 1993).

Moreover, the two previously mentioned models have been incorporated to
another widely accepted model known as Stern Gouy-Champan model
(Figure 2.6), (Mitchell, 1993). This model is composed of two layers; the
first one is a compact layer of cations of finite radius close to the negatively
charged clay surface known Stern layer, identical to Helmholtz model. The
other one is a diffuse layer of anions and cations extending into the
electrolyte solution, identical to Gouy-Champan model (Van Olphen, 1977,
Mitchell, 1993). However, the thickness of the fixed Stern layer is the value

of the radius of the attracted ion on the surface charge (Meunier, 2005).
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Figure 2.6 (a) Stern Gouy-Champan model which forms of a compact layer of finite
radius of cations known as Stern layer and a diffuse layer of anions and cations
extending into the electrolyte solution. (b) The electrical potential decays with distance.

(Mitchell, 1993).

2.4 Spatial Distribution of Counterions
Diffuse double layer can be represented mathematically by depending on
the following assumptions (Mitchell, 1993):
1. lons are considered to be point charges without interactions between
opposite charges in the interlayer.
2. Charges on the clay surface due to isomorphic substitution are
uniformly distributed.
3. The diffuse double layer is much smaller than the dimensions of the
uniformly charged platelet surface.

4. The medium between surfaces has a constant permittivity value.
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Poisson’s equation gives the balance of charge in an electric field. For a
dielectric homogenous medium, the general expression in one dimension is

(Mitchell, 1993; Bultt et al., 2003):

d2®: —Pch
dz? gpe,

(2.4)

Where, @ is the electrical potential opposite the charged surface, p. is the
volume charge density, &, is the relative permittivity constant of the
medium and &, is the dielectric constant in vacuum.

On the other hand, the distribution of ions in the electric field is represented

by Boltzmann equation (Meunier, 2005; Mitchell, 1993; Butt et al., 2003):

vieQ
kpT

C;i = CioeXp(

) (2.5)

Where, c; is the ionic concentration of species i, v; is the ion valency, e is
electron charge, c;, IS the ionic concentration at surface electrical potential
(Do) , kg is Boltzmann constant and T is the absolute temperature.
The volume charge density may be expressed as:

Pch = € L ViC; (2.6)

Using equation (2.6), the Boltzmann equation becomes:

Pcn = € LV Cipexp(—,

vie®
T

) (2.7)

Substituting equation (2.7) into equation (2.4) leads to the one-dimensional

Poisson-Boltzmann formula (P-B):

)

d2¢ _ —€ LViCio exp( )

vie
kpT

dz> £0&r (2.8)
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For a solution with single cation and single anion species, 1:1 salt, such as
NaCl and using clay surfaces of planer geometry, equation (2.8) can be
solved as appeared in equations (2.9) and (2.10), (Mitchell, 1993; Butt et
al., 2003):
® = Qpexp(—Kz) (2.9)

exp(yo/2)+1+[exp(yo/2)—1] exp(—Kz)
exp(yo/2)+1—[exp(yo/2)—1] exp(—Kz)

exp(y/Z) = (2.10)

Where, y = % and yOZ%Q;? . The decay length (thickness of DDL) is

denoted by 1/K and is called the Debye-Huckel length, where:

2,,2

__ 2cpe‘v

K? =

sﬂerkB T

Equations (2.9) and (2.10) represent the decay of electrical potential with
increasing distance z from the charged surface at given surface electrical
potential and electrolyte concentration (i.e. K). However, equation (2.9) is
valid at low potentials, especially when (ve @y/kpT) <1, (yo < 1),
i.e. at room temperature, when @, < 25 milli volt (mV). Otherwise,
equation (2.10) is used at high potentials.

The distribution of cations, namely the electrical potential, in the Gouy-
Champan model is generally decreasing exponentially by increasing
distance from the charged surface (Figure 2.5b). Such distribution is
applied to models that do not take the ion size into consideration.
Moreover, when the volume of ion is included (Stern Gouy-Champan

model), the concentration of cations is not perfectly exponential (Figure
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2.6b). Instead, it is linear in the area near to the charged surface (Stern
layer), while in the diffuse layer it becomes exponential (Meunier, 2005).
2.5 Sorption Process in Montmorillonite
The sorption of ions on clay minerals is an important process to attenuate
the migration of radionuclides. In this section, the mechanisms of sorption
process onto montmorillonite, the distribution coefficient and the factors
that affect the sorption capacity are discussed in the following subsections.
2.5.1 Sorption Mechanisms
The sorption of ions on montmorillonite surface is controlled by two major
mechanisms: the ion exchange and the surface complexation.
a. lon exchange
The major cause of cation exchange on montmorillonite is the isomorphous
substitution in the lattice structure, so that a negative charge will develop
on planner surfaces which can be neutralized by the adsorbed cations. This
mechanism is described in Figure 2.7 (Poernomo, 2010), in which the
radionuclide is Sr**. When the cations are immersed into water they
become hydrated, so the replacement capacity of the cations in the solution
depends mainly on the valence and on the hydrated ionic size (Mitchell,
1993; McBride, 1994). The cations of higher valence replace the cations
with lower one. However, if they have the same valence the cations of

smaller hydrated size are preferred.
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Figure 2.7 Replaceability of exchangeable cations as Ca®*, Na* for Sr** radionuclide
and balancing the negative charge on the clay surface excess from isomorphic
substitution of AI** for Si**, in tetrahedral, and Mg®* for AI**, in octahedral, of

bentonite minerals with Sr**. (Poernomo, 2010).

Adsorption using cation exchange can be characterized by the following
properties. It is pH-independent, taking place at the basal surfaces (in the
interlayer) and occurring as a result of electrostatic interaction between the
permanent charge and the ions in the solution. This mechanism can be
described using either Donnan equilibrium or diffuse double layer (DDL)
models, and it usually dominates at low pH (Dzombak and Hudson, 1995).

The reaction of ion exchange (for example between L™ and G*) can be

expressed as (Fletcher and Sposito, 1989):
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L'+GZS G +LZ (2.11)
G'+LZSL " +GZ (2.12)

Where Z is the solid exchanger, L and G™ are ions in the solution.

b. Surface complexation

Surface complexation includes formation of different bonds between the
ions in the solution and the surface hydroxyl groups (OH) and O atoms
leading to surface complexes (McBride et al., 1991). It consists of two
types of complexes, namely, inner-sphere and outer-sphere. If there are no
water molecules between the ion and the functional group, the resulted
reaction is an inner-sphere, and attributed to more covalent bonds. On the
other hand, if at least there is one water molecule which is attached to the
functional group, the complex is classified as an outer-sphere, and
corresponds to electrostatic attraction (Cronstrand, 2005).

Surface complexation adsorption is pH-dependent, and is confined to the
edge surfaces (Dzombak and Hudson, 1995). By returning to (Fletcher and
Sposito, 1989), the hypothetical reactions of complexation method could be

written as:
G'+Z -Gz (2.13)
L"+Z - LZ (2.14)

Where, Z'is defined as a surface species.
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2.5.2 Distribution Coefficient Concept
The sorption of radioactive metals on bentonite clay is determined by
calculating the distribution coefficient k; (ml\g) (Bartl and Czurda, 1991).

It is defined as:

nuclide concentration in the solid phase \%
kg = PP x=  (2.15)

" nuclide concentration in the liquid phase m

Where, V is the volume of the solution in ml and m is the mass of the
sorbent i.e. bentonite in gram.
Furthermore, the distribution coefficient can be expressed as (Khan et al.,

1995; Xu et al., 2008; Li et al., 2009):

fy = S x Y (2.16)

Ce m

Where, ¢; IS the initial concentration andc, S the equilibrium
concentration of the adsorbed substance in the solution phase.
The retention coefficient (y) that represents the ion exchange or the ion
competition is defined as (Qamhieh and Jonsson., The retention of
multivalent pollutants in mineral layers, in preparation, 2014):

y — <CEDLn+>+CBn+ (217)

< cgp, ™t > is the average electrical double layer (EDL) concentration of a
cation that has valency (n) and cg™* is the cation concentration of valency

(n) in the bulk solution.
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Moreover, the retention coefficient (y) used to illustrate the sorption
mechanism in (Maraaba, 2014) study is analogous to the coefficient applied
in Qamhieh study, where:

n+
y = DL~ (2.18)

CB

The factor cg™* appeared in the numerator of equation (2.17) is neglected,
since the multivalent species in the bulk solution are assumed to have low
concentrations (10° to 10° M). It is worth mention that, the y is a
dimensionless quantity, and proportions to the distribution coefficient k.
2.5.3 Factors Affecting Sorption Process
Sorption process in clays has been found to be affected by several factors,
among:
a. The substrate (bentonite, cement... etc) which attributed to the
abundance of different minerals in the clay.
b. The properties of the metals in the solution which include the
valence or the hydrated radii (size).
c. The solution conditions which containing the following parameters:
pH, concentration of radioactive pollutants, ionic strength (salinity),

temperature (T), pressure (P¢o,), contact time (t) and others (Khan et

al., 1995; Lujaniene et al., 2006; Xu et al., 2008).
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Chapter Three
Model and Numerical Methodology

3.1 Model System

Montmorillonite lamellar structure has been modeled as two infinite
parallel planer surfaces with a net negative charge and separated by a tight
water slit including balancing counterions and different added salts. In
addition, the two surfaces have a uniform surface charge density (o) and
separated by a distance h (Figure 3.1), (Segad et al., 2010).This simpler
planer model system is used by (Guldbrand et al., 1984; Segad et al., 2010;
Maraaba, 2014).
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Figure 3.1 Two infinite parallel walls of a uniform surface charge density a distance h
apart. The ions are treated as charged hard spheres and water is modeled as a dielectric

continuum with a relative dielectric permittivity constant € . (Segad et al., 2010).

It is supposed that the lamellar structure is in contact and equilibrium with
infinite brine reservoir of determined salt concentration (bulk solution).

The primitive model used in this study has the following assumptions
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(Torrie and Valleau, 1980; Valleau et al., 1991; Jonsson et al., 2008 and
2011):

1. The solvent (water) is treated as a dielectric continuum characterized

by its relative dielectric permittivity constant (e,.= 78 for water).
2. All charged species (cations) are described as charged hard spheres
with a fixed diameter (d) and are interacting with the walls.

Due to the resulted symmetry, the arrangement of ions is arbitrary. In
addition, the dielectric constant is the same for the medium next to the
surfaces and inside the solvent, that is the distribution of the surface charge
over the walls is uniform (Torrie and Valleau, 1980). Accordingly, the
effects of image charge are neglected producing surfaces with no dielectric
discontinuity (Guldbrand et al., 1984). Besides, periodic boundary
conditions were set in directions parallel to the charged walls (Metropolis
et al., 1953) and the minimum image conventional technique was applied
(Allen and Tildesley, 1987). Depending on the separation and the salt
conditions, the number of ions ranged from 100 to 1000.
However, other simulations have been performed for a spherical geometry
instead of planer geometry. They are modeled as cell model in which each
particle is located in the centre of a spherical cell surrounded by the
counterions (Marcus, 1954). For example, the cell model combined with
the primitive model was performed by (Jonsson et al., 2011) in order to
determine the osmotic pressures for different colloidal dispersions. As a

result, a surprising agreement between the results from the spherical and
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the planar geometries was noticed. This reveals that the particle’s geometry
is of negligible influence in dispersions.
The interaction between two particles [U (rj;)] is Coulombic. This ion-ion
interaction can be written as (Segad et al., 2010; Torrie and Valleau, 1980):

vivje?
u(r) = —  for r> d (3.1)

4Teg €. T
u(r) = o for r< d (3.2)

Where, v; is the ion valency, r is the distance between the i and the j
particles and d is the ion diameter (typical maximum diameter is 4A).
Furthermore, the ions interact with the charged surfaces, and an external
potential is included to consider the interactions occurring outside the
simulation box.

3.2 Method

The studies of the behavior and the properties of electrical double layer
(EDL) systems are based on advanced techniques of statistical mechanics
of liquid states. Some of these techniques are computer simulations such as
Monte Carlo (MC) simulations (Torrie and Valleau, 1980 and 1982),
integral equations (Jonsson et al., 2008) and Poisson-Boltzman (P-B)
equation (Derjaguin and Landau, 1941) which is one of the cornerstones of
Derjaguin — Landau — Verwey — Overbeek (DLVO) theory. That theory
deals with the electrostatic double layer interactions (McBride, 1997).

The latter technique is known as the mean field approximation for

counterion distribution. Despite its accuracy, it fails when the dominant
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counterions used in the system are divalent and at high surface charge
density since it neglects the ion-ion correlations (Guldbrand et al., 1984).
The ion-ion correlations play an important role already with divalent ions
and it is also emphasized with pentavalent ions in our study.

The first time of computer simulation of liquid was done by Metropolis
(Metropolis et al., 1953) at Los Alamos on the MANIAC computer,
introducing Metropolis algorithm known as Monte Carlo method. That
work has put the basis of recent “Monte Carlo simulation” in which a
random input value is chosen for each task, depending on range of
estimates. The model is calculated with reliance on this random number,
the results are recorded and the operation is repeated thousands of times

every time having different random value.

Monte Carlo is an efficient method for evaluating the properties of many
body system and high dimension problems (Dongarra and Sullivan, 2000).
The great advantage of this simulation that it can be implemented in several
ensembles such as canonicl ensemble (NVT), grand canonical ensemble
(UVT), isobaric-isothermal ensemble (NPT) and others. Consequently and
since Monte Carlo simulation is believed to be the most accurate method of
the liquid state theories, this method was used in this study in order to solve
the statistical mechanical system and to get dependable results. During the
study, the simulations were performed in grand canonical (GC) ensemble

when the lamellar structure is in equilibrium with the bulk solution.
3.2.1 Markov Chain
The use of Metropolis algorithm needs to generate a sequence of connected

random variables called Markov chain (Robert and Casella, 2010). A
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Markov chain denoted by X ®: X®, X®@ __etc has a limiting distribution,
and is constructed by a sequence of attempts that the outcome of each
attempt achieves two conditions (Allen and Tildesley, 1987):
1. It must belong to the same limited set that containing the outcomes
(state space set).
2. It is based just on the outcome of the attempt that preceding it
directly.
3.2.2 Metropolis Algorithm
The standard Metropolis algorithm is used to carry out the simulations
(Metropolis et al., 1953) in grand canonical ensemble (Frenkel and Smit,
1996; Allen and Tildesley, 1987). It was introduced by Metropolis in 1953
and later was described by Beichl and Sullivan (Beichl and Sullivan, 2000).
In the preceding section, the Metropolis algorithm was presented as a
Markov process which is constructed randomly in such a manner that the
probability of a particular point is proportional to Boltzmann factor
[exp (-8 u(r))], where f=1/kg T.
In order to build such a random process, the following approach has been
proposed (Metropolis et al., 1953):
1. Selecting a particle randomly and calculating its energy [u(1,)].
2. Changing the position of the particle by adding a random
displacement to the old position and calculating the new energy
[u()]-

3. Accepting the movement from state h to state | with probability:

p(h = 1) = minimum(1, exp[—fB(u(ry) —ul@y)D (3.3)
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Where Auy, = u(r;)) —u(ry,). The trial movement (displacement) is
accepted or rejected according to the aforementioned acceptance
probability as, if [u(r;) < u(ry), Ay, < 0)] then p = 1 and the movement
is accepted. On the other hand, if [u(r;) > u(ry), Auy, > 0)] then a random
number { is generated uniformly from the interval [0,1]. Now, the trial
movement is accepted if (< p,-;), otherwise, the trial is rejected. The
probability that { is less than the acceptance probability is exp[—f Auyy,].
Based on Markov chain (Gelman et al., 1996), if the move is accepted, the
next iteration X®*? has the value of r, and the particle is moved to its new
position. However, if it is unaccepted, X*Y has the value of r, (the old
one) and the particle is returned to its old position.

To explain how the algorithm works when Auwy,, is greater than zero, look at
Figure 3.2 (Allen and Tildesley, 1987). During the run, assume that a
particular move is attempted and its AU;;, > 0. Then, if a random number (;
is selected, the move is acceptable with a probability of exp[—pf Au,,] . If
(, is selected, the move is unacceptable (rejected). In this case, the system
stays in state h and the particle is returned to its old position. However, the

old configuration is considered as the new state in Markov chain.
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Figure 3.2 The procedure of accepting or rejecting the trial moves in Monte Carlo
simulation using Metropolis algorithm. That is, if {; is chosen, the attempt is accepted
with probability of exp[—p Auy,], while if {; is chosen, the attempt is rejected. (Allen

and Tildesley, 1987).

3.2.3 Grand Canonical Ensemble

In this section, the statistical mechanical basis of grand canonical (GC)
ensemble (section 3.2.3.1) and Monte Carlo (MC) implementation using
grand canonical ensemble (section 3.2.3.2) are discussed.

3.2.3.1 Statistical Mechanical Basis

Grand canonical ensemble is consisting of many systems each one has a
fixed temperature and volume, its heat conducting walls are opened to
particles transport. Therefore, the number of particles in a system can vary
over all probable values (McQuarrie, 1976). In this kind of ensembles, the

number of particles fluctuates. While, the volume (V), the temperature (T)
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and the chemical potential () are constants so it is called (uUVT) ensemble
(Frenkel and Smit, 1996; Allen and Tildesley, 1987).
Grand canonical ensemble is a good choice in adsorption studies. The
adsorbent particles are in equilibrium with the particles in the large
reservoir at temperature T. To reach equilibrium condition, the chemical
potential of the particles and the temperature outside and inside the
adsorbent (clay) must be equal. Consequently, the thing that is exactly
mimicked in GC ensemble is that the chemical potential and the
temperature are imposed while the number of particles is let to fluctuate.
Therefore, by knowing the T and [ in the reservoir, the concentration of the
particles inside the adsorbent at equilibrium can be determined (Frenkel
and Smit, 1996).
The partition function (Z) of grand canonical ensemble in a system
containing interacting particles (N) in a volume (V) can be written as a
summation, equation (3.4) or an integration forms (quassi-classical form),
equation (3.5), (Frenkel and Smit, 1996; Allen and Tildesley, 1987;
McQuarrie, 1976) as:

Z(W,V,T) = Xn X exp(NuB) exp(—B uy;) (3.4)

= Z exp (NuB) Q(N,V, T)

N

ZWV,T) = Sy S5 [ [y drN exp[—fu(r)]  (35)

Where, Q(N,V,T) is the partition function of canonical ensemble, N is the
number of particles, A is the de Broglie wavelength and r is the radial

distance.
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It is appropriate to convert equation (3.5) to another form using scaled

coordinates (S") defined as:
n=LS; fori=1,2,3,...N (3.6)

Where, L is the side of the simulation box. It is assumed that the system is
included in a simulation box. If such box is a cubic, then L = V**® and

equation (3.5) becomes (Frenkel and Smit, 1996):

eXx N
ZWV.T) = Siice B~ [ ds" ep [-u(s™)] @7

In this study, the box used for simulation is a rectangular box. Its side is
fixed and equals to 30 Angstrom. Accordingly, VN in equation (3.7) can be
replaced by (30)*".

Moreover, PV is the appropriate function of thermodynamic (Allen and

Tildesley, 1987; McQuarrie, 1976), since:
PVB =InZ(wV,T) (3.8)

Where, P is the pressure. In addition, the chemical potential can be derived
from Helmholtz free energy (F) (McQuarrie, 1976) as:
JoF
p=(50)ry 39)
Where, F =U — TS, U and S are the energy and entropy of the system,
respectively. Besides, in grand canonical ensemble, the average of a
physical quantity X such as energy (E), pressure (P) and number of ions

(N) can be calculated according to (Allen and Tildesley, 1987):
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< X >(|,l,V,T) =

Y=o (N!A3NY~Lexp(NpB) VN [ dS X(S)exp[—B u(S)]
Z(wV,T)

(3.10)

Since, during the MC simulation any property of the system is determined
as its average in GC ensemble.

3.2.3.2 Monte Carlo Implementation

In GC ensemble, the lamellar system is in equilibrium with the bulk
reservoir. So, the total chemical potential for each species of charged
particles is the same in the double layer and in the bulk solution. Otherwise,
the concentration of a given species in the double layer and in the bulk can
differ.

The Markov chain in grand canonical Monte Carlo simulation (GCMC) is
put in a way that the limiting distribution proportions to (Allen and

Tildesley, 1987):

x exp(—=B [U(s) —uN]) = InN! —=3N InA+ N InV) (3.11)
In this ensemble, both the number of particles and energy fluctuate. The
energy fluctuations are accomplished by displacement moves while the
particle’s number fluctuations are done by the addition or deletion of
particles. In order to handle these fluctuations and to generate the Markov
chain, the Norman and Filinov technique is used (Norman and Filinov,

1969). In this technique, there exist three distinct kinds of movements:
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a. Particle displacement
The displacement of particles is handled by the normal Metropolis
algorithm as previously mentioned (section 3.2.2). The acceptance

probability between the two states is:
p(h = 1) = minimum (1, exp[—p Auy,]) (3.12)

b. Particle deletion (removal)
The acceptance probability of the removal of the randomly chosen particle
IS:

p(h— ) = minimum (1,2 " exp(—Blu + AU,D)  (3.13)

c. Particle creation (insertion)

The acceptance probability of addition particle randomly is:

- v
p(h - 1) = minimum(1, TTENE exp(—L[AU;, — u]) (3.14)

The acceptance or rejection of any of the aforementioned trials is
determined by using the criterion described in (section 3.2.2). However, the
displacement, destruction and insertion are selected randomly with the
same probability (1/3), so that the chain converges fast.

3.2.4 Periodic Boundary Conditions

Calculations of MC were carried out for a collection of particles confined
to a simulation box of a certain dimension. In order to reduce the surface
effects, the simulation box is assumed to be periodic, composing of many
boxes and each one is including N particles in a similar configuration

(Metropolis et al., 1953). When the particle moves in the main simulation
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box, its image moves exactly in the same way in each of the periodic
neighboring boxes (Allen and Tildesley, 1987). Therefore, as the particle
leaves the original box, one of its periodic images will go through the
counter face. A two dimensional system of such periodic conditions is

shown in Figure 3.3 (Allen and Tildesley, 1987).

00| 0O| OO

Figure 3.3 A two-dimensional (2D) periodic model. The central square is the original
one and the duplicate squares are labeled as A, B, C ... etc. When particle 1 moves
through the edge of the square, its images 1A, 1B ... etc also move through their
corresponding edges. In 3D periodic system, the particle is free to leave the box through

six cubic faces. (Allen and Tildesley, 1987).

3.2.5 Minimum Image Conventional Technique

Depending on the periodic boundary conditions, the potential energy of the
system can be calculated using minimum image conventional technique
(Allen and Tildesley, 1987). The potential energy involving particle i can

be calculated using that approximation as: particle i is considered to be set
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at center of a region that has the same shape and size as the original
simulation box. Then, particle i interacts with every particle whose center
exists within the supposed region. For example, look at Figure 3.4 (Allen
and Tildesley, 1987), particle 1 interacts with 2, 4E, 3E and 5C. In that
approximation, the potential energy calculated by pairwise additive
interactions contains %2 N (N-1) terms. The minimum image conventional
approximation was used for the first time in simulation by (Metropolis et

al., 1953) which resulted as a consequence of periodic boundary conditions.

QO 00|00

Figure 3.4 Minimum image conventional technique in two-dimensional system. The
potential energy containing particle 1 is the addition of the interaction pairs between

particles of 1, 2, 4E, 3E and 5C. (Allen and Tildesley, 1987).

3.2.6 Methodology
The results present in this work were obtained by Monte Carlo simulations
in grand canonical ensemble using Metropolis algorithm. In addition, the

geometry of the bentonite platelets is planer and the primitive model is
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used to describe the system. The lamellar structure is placed in an infinite
reservoir of specified salt concentration at equilibrium condition.

The bulk solution includes varied concentrations of NaCl and CacCl,
(normal species). They together represent a kind of water. For example,
ground water is composed of 1mM NaCl + 4 mM CaCl,, while sea water is
composed of 100 mM NaCl + 10 mM CacCl,. In addition, the bulk contains
a little concentration of pentavalent cations (M°*) which are considered the
radioactive substance. The abundance of mono-, di- and pentavalent
species will form a competition to the charged surface of the clay platelet.
Furthermore, these species will neutralize the charged surface in a different
contribution.

The chemical potential (i) used in this simulation consists of three parts as

appeared in equation (3.15), (Hill, 1956):
U= kBTlnA3 + kBTlnC + ,uex (315)

The first part is the standard (kzT In2A3), the second part is the ideal
(kgT In c) and the third part is the excess («¢*) chemical potentials. In this
equation, A =1A and c is the average concentration of counterions
(Molarity). It should be noted that, in GC ensemble, the overall chemical
potential () for both the bulk solution and the electrical double layer is the
same.

The box used for performing the simulations is a rectangular with
dimensions of (WxWxL), where W is the box size obtained through the

running, while L is the separation distance between the two platelets which
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is equal to 3 nm. However, all results are simulated for electrical double
layer width of 3 nm but reasonable changes of the separation distance will
not change the curves.
The mechanical properties of energy, pressure and number of counterions
for each species are calculated during the MC simulations as the averages
of grand canonical ensemble; < E >, < P > and < N >. In addition, the
data of fraction, average electrical double layer concentration and the
retention coefficient are shown as two dimensional curves.
The fraction (ass,) Of cation (M™) in EDL is calculated using the
following formula:

<Npm+>xnt
<N p1+>X (1) + <Np 24 >X(2H)++<Nym+>x n't

Afrac = (3.16)

For example, the fraction of M®" at specified surface charge density o, bulk
concentration cg and constant temperature T in a bulk solution containing

NaCl and CaCl, is:

<N, 5+>X 5t

Afrac (M>*) = (3.17)

<N g1+ >X (1) + <N 24 >X(2F)+ <Np54>X 5

In addition, the average electrical double layer concentration< cgp; >,
in molarity unit (M), of cation M"™ was determined by employing the

following formula:

< oo SNwm > 66054 = N> 660,54
“epL =~ = box volume T WX WXL '
<N >
= —M"Z » 1660.54 (M) (3.18)

~ (W)2x30
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Besides, the retention coefficient (y) can be defined as the competition or
ion exchange coefficient. It can be written as the following definition:

_ <cgpL(M™)>+cg (M™)
V= o5 (M)

(3.19)

Where, y is a dimensionless coefficient and cg is the concentration of M™
cations in the bulk solution.
Moreover, the counterion distribution as function of distance z outside

the charged surface has been plotted according to:

c(z) =< cgp, > 9g() (3.20)

Where g(r) is the radial distribution function that determines the probability
of find a particle separated by a distance r from other one. In GCMC
simulations, g(r) is defined as the expectation value of delta function as the
following formula (Hansen and McDonald, 2006):

g(r) = [% < % YarN6(r—r+m) >] -1 (3.21)

Where p is the volume density of particles which is equal to N/V.
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Chapter Four
Results and Discussion

In this chapter, a series of Monte Carlo simulations has been used to
investigate the sorption behavior of pentavalent ions to bentonite clay in
two bulk systems. The first one includes 1mM NaCl, 4 mM CacCl,,
representing ground water, while the other includes 100 mM NaCl, 10 mM
CaCl,, representing sea water. In addition, the bulk contains an amount of
pentavalent cations in various low concentrations (10® to 10° M). All
simulations have been performed in a separation distance of 3 nm between
the two platelets. Moreover, during this study, it is assumed that the
electrical double layer structure is in equilibrium with a bulk solution
containing a known concentration of different neutralizing counterions.
These counterions are referred to mono- (Na*), di- (Ca*") and Pentavalent
(M) cations in addition to monovalent anions (CI).

To shed some light on the factors that affect the assessment of sorption
process, the following topics have been studied. The fraction of various
counterions at different selected parameters (section 4.1), the impact of the
pentavalent cations concentration in the bulk solution (section 4.2), the
impact of the net negative surface charge density of the two separated
platelets (section 4.3), the impact of increasing temperature (section 4.4)
and the impact of changing the ionic strength of the electrolyte solution
(section 4.5) in which the influence of changing the salinity of the solution
has been studied throughout changing the CaCl, concentration (section

4.5.1) and changing the NaCl concentration (section 4.5.2).
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4.1 Fraction of Different Cations in EDL
The fraction of Na*, Ca** and M°" cations in the EDL has been studied as a
function of pentavalent cation concentration in the bulk solution. The
pentavalent concentration was varied from 10 to 10° (M). The simulations
were performed at room temperature (298 K) and at various values of

surface charge densities (-0.2, -0.7, -2, -3, -4 and -5 e/nm?).
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Figure 4.1 Fraction of different counterions in the water slit as a function of
pentavalent cations concentration in the bulk solutions. The slit is in equilibrium with a
bulk including: a) 1 mM NaCl, 4 mM CaCl, (ground water), b) 100 mM NaCl, 10 mM
CacCl, (sea water) and varied amount of pentavalent cations. The surface charge density

has been varied as pointed in the graphs. The slit width is 3 nm.

It was shown that the fraction of pentavalent cation in the bulk solution of
ground water increases by increasing its concentration in the bulk (Figure

4.1a). Concurrently, the fraction of Ca** decreases drastically by increasing
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the pentavalent concentration. Note that, the fraction of monovalent species
in the electrical double layer is too low and difficult to be seen at higher
surface charge densities. On the other hand, the bulk solution of sea water
(Figure 4.1b) also illustrates that the fraction of Na* and Ca®* decreases by
increasing the concentration of pentavalent cations in the bulk solution,
while the fraction of M°* increases. This behavior demonstrates the cation
exchange sorption mechanism in which the pentavalent cations are
adsorbed on the clay while Ca** and Na* cations are released.

The fraction and the domination (the abundance) of the cations are
influenced strongly by the magnitude of the surface charge density. In fact,
the surface charge density (o) plays the key role in the competition between
different cationic species for the charged surface. It is clearly obvious that
by increasing the magnitude of surface charge density, the pentavalent
species will be more abundant in the electrical double layer. For example,
Figure 4.1a shows that at cg = 107 M, the related values of fraction at ¢ = -
0.2, -2 and -5 e/nm? for pentavalent cations are agmse = 0.0868, 0.9807 and
0.9993, respectively. Also at cg = 10° M, the related values of fraction at o
=-0.2, -2 and -5 e/nm?* are oz, = 0.0003, 0.8712 and 0.9949, respectively
(Figure 4.1b).

According to the domination, Figure 4.1a represents that at surface charge
density o = -0.2 e/nm?, 10° M of pentavalent cations concentration in the
bulk is enough for pentavalent cations to be dominant over monovalent and
divalent ones in the electrical double layer. Above ¢ = -0.2 e/nmz,

pentavalent cation is completely dominant over other species at all
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considered concentrations. Note that above o = -2 e/nm’ the fraction of
monovalent cation disappears since its concentration is too small to appear
in the plots. In contrast to sea water (Figure 4.1b) the fraction of Na’
appears at all surface charge densities.
For 6 = -0.2 e/nm?, the monovalent cation is the dominant species in the
electrical double layer as performed in Figure 4.1b. By increasing surface
charge density to -0.7 e/nm?, pentavalent cation is the dominant one at cg
equals to 10° M. However, at other surface charge densities (o = -2, -3, -4
and -5 e/nm?), M*" is completely dominant over other species.
By increasing the magnitude of surface charge density, the abundance of
pentavalent cations will be more in the electrical double layer and their
fraction approximately equals to one. It is good to remark that, the fraction
of pentavalent cations in ground water (Figure 4.1a) closes to the unity
faster than in sea water (Figure 4.1b). For example, the fraction in ground
water approaches to unity at ¢ = -3 e/nm?, while in sea water at 6 = -5
e/nm®. Accordingly, the charged surface is neutralized by pentavalent
cations in ground water faster than in sea water. That is, the salinity of the
bulk solution reduces the sorption behavior.
4.2 Effect of Pentavalent Cations Concentration in the Two Bulk
Solutions
The average electrical double layer concentration and the retention
coefficient of pentavalent cations have been studied over changing the
pentavalent concentration in the aqueous solution at various amounts of

surface charge density and at room temperature (298 K). The pentavalent
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concentration was varied from 10 to 10 (M) in the aqueous solutions of
1mM NacCl, 4 mM CaCl, (ground water) and 100 mM NacCl, 10 mM CacCl,
(sea water).

It is obvious in Figure 4.2 that the average electrical double layer
concentration of pentavalent cations increases slightly by increasing the
pentavalent concentration in the bulk up to saturation point. In addition, it
explains how pentavalent cations are completely dominant the
neutralization of the charged surface. Besides, by increasing the surface
charge density (o), the average EDL concentration of M>" cations
increases. That results are similar to (Begg et al., 2013) in which the
concentration of Pu(V) on montmoroillonite increases by increasing the

concentration of Pu(V) in the solution from 10™" to 10° (M).
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Figure 4.2 Average electrical double layer concentration of the pentavalent cations as a
function of their concentrations in the bulk. The bulk also includes a) 1 mM NacCl, 4
mM CaCl, b) 100 mM NaCl, 10 mM CacCl,. The surface charge density has been varied

as pointed in the graphs. The slit width is 3 nm.
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The spatial distribution of different counterions (counterion concentration)
in the electrical double layer was plotted as a function of nanometric
distance z from the charged surface (Figure 4.3). The bulk concentration of
mono- and divalent species is 1mM NaCl, 4 mM CaCl, (4.3a) and 100 mM
NaCl, 10 mM CacCl, (4.3b), respectively with surface charge density of -3
e/nm?. The concentration of pentavalent cations is completely dominant
over divalent ones, while the monovalent concentration is virtually zero

(Figure 4.3a). Besides, in Figure 4.3b, M** distribution is the dominant.

50 T T T T T T T 50 T T T T T T
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(a) (b)
Figure 4.3 Counterion distribution as a function of distance z outside the charged
surface. Two different bulk systems are shown with a) 1 mM NaCl, 4 mM CaCl, b) 100
mM NacCl, 10 mM CaCl, and the concentration of pentavalent cations is increased from
0.00001 mM (dashed lines) to 0.001 mM (solid lines). The surface charge density is -3
e/nm? and the slit width is 3 nm. Na* (red curves), Ca®* (green curves) and M>* (blue

curves).

An increase of pentavalent concentration in the bulk solution from 107

(dashed lines) to 10° mM (solid lines) has a marginal increase of the
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pentavalent distribution and a marginal decrease of the divalent distribution
(Figure 4.3a). However, in Figure 4.3b this increase leads to a significant
increase of pentavalent concentration in the double layer, a significant
decrease of divalent cations and a marginal decrease of monovalent ones.
In general, a rise of pentavalent concentration in the bulk solution produces
an increase of M distribution and a decrease of Na® and Ca*
distributions.

The distribution of pentavalent cations from the charged surface in ground
water (Figure 4.4a) and in sea water (Figure 4.4b) decays exponentially.
Such behavior was found for the cations distribution in the models that
don’t consider the ion size (Figure 2.5b), sections of (2.3 and 2.4). Figure
4.4 again explains how the electrical double layer will be saturated with
pentavalent cations. It is clear that a shift from 0.00001 to 0.0001 and to
0.001 mM in the bulk affects the electrical double layer content of
pentavalent cations obviously. However, additional increase is enough to
make the double layer saturated by pentavalent cations. That is, any
increase above 0.001 of the bulk concentration has a very minor influence

on the EDL concentration.
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Figure 4.4 Pentavalent cations distribution as a function of distance z outside the
charged surface. Two different bulk systems are shown with a) 1 mM NaCl, 4 mM
CaCl, b) 100 mM NaCl, 10 mM CaCl;, and different values of pentavalent cations
concentration as pointed in the graphs. The slit width is 3 nm and the surface charge

density is a) -0.7 e/nm? b) -2 e/nm?.

The retention coefficient of pentavalent cations as a function of their
concentration in the bulk solution is presented in Figure 4.5. The formula
used to express the retention coefficient is:

_ <cgprL(M>*t)>+ cg(M>)
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Figure 4.5 The retention coefficient calculated from the curves in Figure 4.2.
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The general trend of the retention coefficient becomes less as the
pentavalent concentration increases. The nature of retention behavior is
dependent on the surface charge density as clarified in Figure 4.5. The
retention coefficient, at low surface charge densities, is approximately
constant at low concentrations of pentavalent cations, and then reduces
linearly. For example, Figure 4.5a shows that, at ¢ = -0.2 e/nm’ the
retention has a constant value of 4.6 between 10® and 107 M and then
nearly at concentration of 10°® M, it decreases linearly. Whereas, Figure
4.5b displays that, at o = -0.2 e/nm? the retention approximately has a
constant value at all bulk concentrations. However, at 6 = -0.7 e/nm?, the
retention is almost constant between 10 and 10° M, and then decreases
linearly.

In contrast, at high magnitudes of surface charge density, such as (¢ = -3, -
4 and -5 e/nm?) the retention coefficient reduces linearly with increasing
the M°* concentration from 10° to 10° (M). The linearity behavior of
retention coefficient as a function of log [cs(M°*)] reveals that the surface
is neutralized by the pentavalent cations only as shown in Figure 4.2
Moreover, at high values of surface charge density the retention coefficient
becomes independent of the type of water.

Many batch sorption experiments were conducted to study the retention
coefficient of different pentavalent radionuclides. In which, the sorption
coefficient of Pu(V) on montmorillonite (Begg et al., 2013), Sb(V) on

bentonite (Xi et al., 2011) and Np(V) on Na-montmorillonite (Zavarin et
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al., 2013) is decreasing by increasing their concentration in the aqueous
solution.
4.3 Effect of Surface Charge Density
The dependence of sorption process of pentavalent cations on surface
charge density (o) of the two platelets on bentonite has been studied by
varying the values of surface charge density. They were changed from -0.2
to -13 e/nm? in a bulk solution of 1 mM NaCl, 4 mM CaCl, (ground water)
and from -0.7 to -13 e/nm? in a bulk solution of 100 mM NaCl, 10 mM
CaCl, (sea water). The bulk also includes a determined concentration of
pentavalent cations ranging from 10® to 10 (M). The simulations were

performed at fixed temperature of 298 K (room temperature).
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Figure 4.6 Average electrical double layer concentration of pentavalent cations as a
function of surface charge density of the two separated walls. The bulk concentration of
pentavalent cations has been varied as pointed in the graphs. The bulk also includes a) 1

mM NaCl, 4 mM CaCl;, b) 100 mM NaCl, 10 mM CaCl..
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Figure 4.6 shows that, the average electrical double layer concentration of
pentavalent cations in the two different bulk systems has almost a linear
behavior for all pentavalent cations concentrations and at all measured
values of surface charge density. Besides, it increases with the magnitudes
of surface charge density up to -13 e/nm?. In addition, the curves shown in
Figure 4.6a are very close to each other, and seem to be one line. This
means that, the average EDL concentration is independent of the bulk
concentration at all surface charge densities. On the other hand, the average
concentration shown in Figure 4.6b is slightly dependent on bulk
concentration at low surface charge densities, while at high values it
doesn’t depend on the bulk concentrations.

The average EDL concentration of a) trivalent and b) tetravalent cations in
a bulk concentration of 100 mM NacCl, 10 mM CacCl, is illustrated in Figure
4.7 taken from (Maraaba, 2014). By comparing the results of this study
(Figure 4.6b) with the previous study (Figure 4.7), one can conclude that
the average concentrations of M>* curves are more closer to each other than
M** and M*" also M*" curves are more closer than M*". This behavior
reveals that, by increasing the valency of radionuclide, the average EDL
concentration as a function of surface charge density will be independent of

the bulk concentration.
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Figure 4.7 Average electrical double layer concentration of a) trivalent (M**) b)
tetravalent (M**) cations as a function of surface charge density. The bulk contains 100
mM NacCl, 10 mM CacCl, and varied amount of the multivalent species.

The counterion concentration in the electrical double layer was plotted as a
function of distance z outside the charged surface in Figure 4.8. The bulk
solution includes 100 mM NacCl, 10 mM CaCl, in addition to 0.0001 mM
of pentavalent cations. The result indicates that by increasing the
magnitudes of ¢ from -2 to -3 and to -4 e/nm? the electrical double layer
content of M°* increases clearly. On the other hand, the concentration of
mono- and divalent cations decreases. Moreover, the concentration of

pentavalent ions in EDL is decreasing exponentially.
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Figure 4.8 Counterion distribution as a function of distance z outside the charged
surface. The bulk solution contains 100 mM NaCl, 10 mM CacCl;, and 0.0001 mM of
pentavalent cations. The surface charge density has been varied; green curves = -2
e/nm?, red curves = -3 e/nm? and blue curves = -4 e/nm?. The slit width is 3 nm. Na*

(solid lines), Ca** (dashed lines) and M°* (dot-dashed lines).

The sorption data of pentavalent cations calculated by changing the
magnitude of surface charge density has been presented in Figure 4.9.
Obviously, by increasing the |o| in ground water (Figure 4.9a) and in sea
water (Figure 4.9b), the retention coefficient increases and reaches a
saturation value quickly. However, a low surface charge density is required
for saturation in both cases; 1 e/nm? for ground water and 2 e/nm? for sea
water. Besides, the saturation value (at all bulk concentrations) is
independent of the type of water. In addition, by increasing the bulk

concentration the retention decreases.



55

14 LI AL VRO VLN NN N . B P 14 T T T T T T T T T T T T T 7T 7]
13 — C, =l mM . L A 13 o—ecC,=1mM ]
120 Cs =01 1 mM NaCl, 4 mM CaCl, ] 120+ =01 100 mM NaCl, 10 mM CaCl, J
1 e Do ] Y] hogiarest - d
10— ¢} =0.0001 ] 10f s cr=0.0001 ]
s 9p- ¢, =000001 3 s Ofescy=000001 7
8F 4 8fF |
éb Ui 7 iob 7_'//"_4’,__4,_4.—4——4——-‘—‘_‘__:
6 3 6 (= o
5. al SW: ]
3//_,,4—( = 3,;“’”".__07‘ . 3
2]'-| | I I I T U NI S | 1 1 E %-_I PR U T U ST N NI S| 1 1 E
1 23456 7 8 910111213 1 23 45 6 7 8 910111213

2 2

G (e/nm") o (e/nm")

(@) (b)

Figure 4.9 The retention coefficient calculated from the curves in Figure 4.6.

Certainly, there is a direct relation between the surface charge density of
the platelets and the solution pH. By increasing the solution pH, the net
negative surface charge density will increase (section 2.2). The sorption
data of pentavalent cations on bentonite clay presented in Figure 4.9
strongly agree with various experimental studies.

Our results of sorption behavior are consistent with (Zavarin et al., 2012)
when the studied pH range is 5 to 8. But, an incompatibility was found
when the pH range is 3 to 5, a constant sorption behavior of Np(V) is
observed. That study attributed the constant sorption to the predomination
of ion exchange when the pH range is 3 to 5 which has no pH dependence.
While when pH is greater than 5, the surface complexation is the dominant.
Besides, a good agreement was found with studies of (Turner et al., 1998;
Bertetti et al., 1998; Bertetti et al., 1995). That studies have a continuous
increasing of Np(V) sorption correlated with an increase in pH of the
solution from 5 to 11 in the first two studies and from 6.5 to 10 in the last

one. The sorption of Np(V) in the previous studies is controlling by surface
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complexation mechanism. The ion exchange is suppressed by using 0.1
molal of NaNo; in the solution (high ionic strength). Therefore, the
sorption behavior when pH is less than 5 doesn’t appear.
In summary, the results showed in our study go with different experiments
which have been conducted to study the pH dependence of Np(V) sorption

on montmorillonite. These studies are summarized in Figure 4.10.
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Figure 4.10 Comparison of sorption data for Np(V) actinide on bentonite and

montmorillonite from different studies. Data sources contain: (1) (Beall and Allard,

1981), (2) (Allard et al., 1984), (3) (Torstenfelt et al., 1988), (4) (Sakamoto et al.,

1990), (5) (Triay et al., 1993), (6) (Ohe et al., 1993) and (7) (Kozai, 1994). (Turner et

al., 1998).

Figure 4.10 shows that, the observed behavior of distribution coefficient of
Np(V) generally tends to be relatively constant at pH less than 7 and then
increases by a further increase in pH (Beall and Allard, 1981; Allard et al.,

1984; Torstenfelt et al., 1988; Triay et al., 1993) exception the study of
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(Ohe et al., 1993) that has a drastic increasing sorption at all studied values
of pH (from 2 to 12). In addition, the sorption in the studies of (Kozai,
1994; Sakamoto et al., 1990) tends to increase by decrease pH from 5 to 2
and then starts to increase when pH is greater than 5. The increasing
behavior with decreasing pH is explained by the high ion exchange
between NpO," in the solution and the interlayer cation Na® which is
abundant in the clay (Na-smectite). The increasing sorption with decreasing
pH from 5 to 2 is also observed in (Kozai et al., 1993) as a result of the
expansion in the interlayer.

One can note that our sorption results were simulated under a CO, free
situation i.e. no pressure is considered. For experiments which were
conducted with atmospheric pressure (Pcop = 10 atm), their retention
behavior has a peak at pH = 8-8.5, and decreases either in acidic or in
alkaline solution up to pH value of 9.5 (Turner et al., 1998; Bertetti et al.,
1998; Bertetti et al., 1995). In those studies, the decreasing in the sorption
of Np(V) when pH > 8.5 is due to the complexation of Np(V) by the
carbonate in the solution.

The different trends of sorption coefficient at some ranges of pH
particularly for pH < 7 between the current study and the previously
mentioned ones refer to the method used for sorption. Monte Carlo
simulation considers all the radionuclides have (+5) valency similar
neglecting the chemical and physical properties of the studied element. For
example, Np(V) reduces slowly to the Np(IV) on the mineral surface in the

presence of a reductant mineral such as Fe(ll) and Mn(l1). These minerals
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are released throughout the dissolution of clays e.g. smectite. The positive
sorption of Np(V) with decrease of pH from 5 to 2 observed in Kozai
study (Kozai et al., 1993) is demonstrated by the reduction of Np(V) to the
stronger sorbing Np(IV) as a result of dissolution of smectite at lower pH
(Zavarin et al., 2012). Besides, in our study the radius of the ion is
neglected.
Moreover, Monte Carlo simulation deals with only ion exchange
mechanism to control the sorption at different ranges of pH. However,
surface complexation mechanism controls the sorption of Pu(V) on
montmorillonite at high pH while ion exchange controls the sorption at low
pH (Zavarin et al., 2012).
4.4 Effect of Temperature
The effect of temperature on the sorption process of pentavalent cations on
bentonite was studied by changing the temperature from 298 to 334 K at
fixed values of surface charge densities (-0.7, -3 and -4 e/nm?). The
simulations were performed with two bulk systems of 1 mM NaCl, 4 mM
CaCl, (ground water) and 100 mM NaCl, 10 mM CacCl, (sea water) in
addition to a constant amount of 1 and 0.1 mM of pentavalent cations
concentration. Seven temperature values; 298, 304, 310, 322, 328 and 334
K were chosen.
Pentavalent cations concentration in electrical double layer decreases very
slowly in a rate of 0.001 (Molarity/Kelvin) with increasing temperature for
higher surface charge densities (o = -3 and -4 e/nm?) as clarified in Figure

4.11. Besides, for ¢ = -0.7 e/nm?, the rate of decrease in average EDL
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content of M°* is of order 10™* (M/K). It means that the temperature doesn’t
affect the sorption significantly. However, the decreasing of temperature

could enhance the sorption process.
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Figure 4.11 Average electrical double layer concentration of the pentavalent cations as
a function of temperature. The slit is in equilibrium with a bulk including a) 1 mM
NaCl, 4 mM CaCl; b) 100 mM NacCl, 10 mM CaCl,. The surface charge density and the
pentavalent cations concentration have been varied as pointed in the graphs. The slit

width is 3 nm. The solid curves are linear fitting, while the dots are simulated results.

The results of retention coefficient as a function of temperature are
summarized in Figure 4.12. Clearly, the retention coefficient reduces very
slightly in a rate of order 10 (1/K) with increasing temperature, so that it
can be considered as constant. This behavior is attributed to the slight
decrease in the electrical double layer concentration as the temperature

increases.
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Figure 4.12 The retention coefficient calculated from the data in Figure 4.11. The solid

curves are linear fitting, while the dots are simulated results.

The decreasing in the sorption of pentavalent cations according to the
increasing in the temperature could be explicated by that the sorption
process of the cations is spontaneously exothermic. Moreover, one can
remark from Figure 4.12 that by increasing the temperature, the retention
coefficient is enhanced by:

(a) Decreasing the pentavalent cations concentration in the bulk.

(b) Increasing the magnitudes of surface charge density.
This is in agreement with the obtained results in sections 4.2 and 4.3,
respectively.
The effect of temperature on the concentration of pentavalent cations is
plotted in a different manner in Figure 4.13. It is obvious that the
concentration of pentavalent cations in the double layer at small distance
from the charged surface is decreasing by increasing the temperature
otherwise, at large distances, the effect is less pronounced. However, the

decrease rate from one curve to another is not of important effect.
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Figure 4.13 Pentavalent cations distribution as a function of distance z outside the
charged surface. The bulk solution contains 1 mM NaCl, 4 mM CaCl, and 0.1 mM of
pentavalent cations. The temperature has been varied as pointed in the graph at surface

charge density of -0.7 e/nm? The slit width is 3 nm.

By looking to similar studies, a good agreement was found with the
sorption behavior of As(V) (Zahra et al., 2009). The decreasing adsorption
of As(V) with increasing the temperature is presumably caused by breaking
the forces which make the clay absorb the ions. While, the sorption trend of
Np(V) (Ohe et al., 1993) which is pointed out in Figure 4.10, Np(V) and
Pu(V) (Runde et al., 2002), Pu(V) (Lu et al., 2009) and Sb(V) (Xi et al.,
2011) increases by increasing temperature. Since the adsorption process of
the mentioned radioactive metals is endothermic and Monte Carlo method

does not take this into considerations.
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4.5 Effect of Solution lonic Strength
Monte Carlo simulations were run out to examine the sorption of
pentavalent cations from different ionic strength saline solutions on
bentonite clay. That is, from different kinds of water. The first part of this
section (section 4.5.1) deals with solutions having fixed NaCl
concentrations but variable CaCl, concentrations. While the other part
(section 4.5.2) deals with solutions having variable NaCl concentrations
and constant CaCl, concentrations.
4.5.1 Effect of Divalent lonic Strength
The sorption of pentavalent cations from different bulk solutions has been
studied. These bulk solutions have a fixed NaCl concentration and a varied
amount of CaCl, concentration. In this section, the fraction of Na*, Ca**
and M in the electrical double layer has been plotted at different
parameters as a function of pentavalent cations concentration in the bulk. In
addition, the average electrical double layer and the retention coefficient
have been studied as a function of CaCl, concentration and as a function of
pentavalent cations in the bulk solution. With the slit width of 3 nm, the
simulations were carried out at room temperature (298 K) for two different
surface charge densities (-3 and -4 e/nm®).
The fraction results of different counterions in the electrical double layer
were recapped in Figure 4.14. Figure 4.14a shows the fraction in the bulk
solutions of 1 mM NaCl and the CaCl, concentration has been increased

from 100 to 200 and to 300 mM. While Figure 4.14b shows the fraction in
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the bulk solutions including 100 mM NaCl and the amount of CaCl, has
been varied from 100 to 200 and to 400 mM.
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Figure 4.14 Fraction of different counterions in the slit as a function of pentavalent
cations concentration in the bulk solution. The surface charge density has been kept
constant as pointed in the plots. But the bulk conditions have been varied; a) 1 mM
NaCl, X mM CaCl, b) 100 mM NaCl, X mM CacCl,. The slit width is 3 nm. The values

of X are obvious in the graphs.

Figure 4.14a indicates that, at ¢ = -3 and -4 e/nm? the fraction of
pentavalent cations decreases by increasing the CaCl, concentration while

the fraction of Ca®" increases by increasing the concentration of CaCls,. It is
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good to note that, the fraction of monovalent species doesn’t appear in the
graphs since its concentration in the bulk solution is very small (1 mM).

To illustrate the behavior of fraction numerically, at specific bulk
concentration of 10° M of pentavalent cations and at ¢ = -3 e/nm’ the
fractions of Ca®* and M°" are 0.0656 and 0.9343 at 1 mM NacCl, 100 mM
CaCl,, respectively (Figure 4.14a). By increasing the CaCl, concentration
to 200 mM the fractions of Ca’ and M°" are 0.1588 and 0.8410,
respectively. While their fractions equal to 0.2976 and 0.7022 at 300 mM
of CaCl,.

By looking at Figure 4.14b, the same behavior is found as in Figure 4.14a.
However, in Figure 4.14b the concentration of monovalent cation appears
in plots but in a low amount. Since its concentration in the three bulk
solutions is small (100 mM). For example, at 10° M of pentavalent cations
and at o = -3 e/nm?, the fractions of Na*, Ca** and M°" are 0.0145, 0.0968
and 0.8887 at 100 mM CaCl,, respectively (Figure 4.14b). While by
increasing the CaCl, concentration to 400 mM, their fraction values
become 0.0187, 0.4532 and 0.5281, respectively.

Interestingly, the lowest used value of CaCl, concentration (100 mM) from
the different bulk solutions is the better choice to do the sorption using it.
That is, 1 mM NaCl, 100 mM CaCl, (Figure 4.14a) and 100 mM NacCl, 100
mM CaCl, (Figure 4.14b) are more effective than the others to get more
M®>* cations in the EDL. In addition, the fraction of M°" cation at ¢ = -4
e/nm? is higher than at o = -3 e/nm? at the same bulk conditions. In

summary, the M>* cation gets more dominant at:
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1) Lower Ca®" and Na* concentrations.

2) Higher M°* concentrations.

3) Higher surface charge density.
The influence of changing the divalent cations concentration in the bulk
solution on the sorption process of M>* cations has been also investigated
by direct calculation of the average EDL concentration and the retention
coefficient. Figure 4.15 represents the average electrical double layer as a
function of CaCl, concentration. In addition to CaCl,, the bulk includes 1

mM NaCl (4.15a), 100 mM NaCl (4.15b) and 0.00001 mM of M>* cations.
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Figure 4.15 Average electrical double layer concentration of pentavalent cations as a
function of CaCl, concentration at surface charge densities of -3 and -4 e/nm?. The bulk
includes a) 1 mM NaCl, X mM CacCl, b) 100 mM NaCl, X mM CacCl, and 0.00001 mM
of pentavalent cations. The solid curves are linear or exponential fitting, while the dots

are simulated results.

The concentration of CacCl, is varied up to 400 mM (Figure 4.15a) and up

to 500 mM (Figure 4.15b). The results reveal that the concentration of
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pentavalent cations gets more abundant in the electrical double layer by
decreasing the CaCl, concentration.
Moreover, the retention coefficient calculated from data in Figure 4.15
tends to decrease by increasing the concentration of divalent cations in the
bulk solution as shown in Figure 4.16. This means that the salinity of the

solution retards the sorption of pentavalent cations from the solution.
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Figure 4.16 The retention coefficient calculated from the data in Figure 4.15. The solid

curves are linear fitting, while the dots are simulated results.

The reduction of the sorption of radioactive metals by increasing the ionic
strength of the solution can be elucidated by the presence of many
counterions resulted from the additive amount of the salt (CaCl,) to the
bulk solution. These additional cations lead to high competition for the
charged surface. For this reason, the probability of sorption of pentavalent
cations will decrease.

The concentration of counterions in the electrical double layer as a function

of nanometric distance z at different bulk solutions is demonstrated in
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Figure 4.17. Such solutions have the same NaCl concentration (1mM) but
variable amount of CaCl,. The surface charge density is -4 e/nm®. For
example, an increase of the CaCl, concentration from 30 mM (blue curves)
to 300 mM (green curves) leads to a significant decrease of M°*
distribution. Accordingly, there will be an increase in Ca*" distribution.
This demonstrates again the impact of salinity on the cations concentration
in the double layer, and also illustrates the replacement of M*>* by Ca* in

the interlayer.
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Figure 4.17 Counterion distribution as a function of distance z outside the charged
surface. Different bulk solutions are shown with 1 mM NaCl and varied amount of
CaCl, concentration. The surface charge density is -4 e/nm? and the pentavalent cations

concentration is 0.00001 mM.

The average EDL concentration of pentavalent cations as a function of their
concentration in the bulk solutions of various amount of CaCl, is shown in

Figure 4.18. Obviously, decreasing CaCl, concentration in the bulk will
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enhance the sorption process. Accordingly, the 100 mM CacCl, is the
effective divalent concentration from the others. In addition, at higher
pentavalent concentration the average concentration diverges to a certain

value for each o, and is getting independent of CaCl, concentration.
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Figure 4.18 Average electrical double layer concentration of pentavalent cations as a
function of their bulk concentration. The bulk conditions have been varied; a) 1 mM
NaCl, X mM CaCl, b) 100 mM NaCl, X mM CacCl, at surface charge density of -3 and

-4 e/nm? . The slit width is 3 nm.

The retention coefficient of pentavalent cations according to their bulk
concentration for different kinds of water is displayed in Figure 4.19. The
results emphasize that, the sorption decreases by increasing the divalent
cations concentration especially at low pentavalent concentration.
However, this effect is getting less important at higher M>* concentration.

In addition, the sorption decreases as the amount of M°* cations increases.
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Figure 4.19 The retention coefficient calculated from the curves in Figure 4.18.

Our obtained results agree with the experimental study of (Zavarin et al.,
2013), in which the sorption of Np(V) increased by decreasing the CaCl,
concentration from (0.1 to 0.01 and to 0.001 M). They also agree with the
work of (Kozai et al., 1994) which demonstrates that when the
exchangeable cation included in bentonite (Ca®") released to the solution,
the sorption of Np(V) reduced. Moreover, the adsorption process of Pu(V)
was found to be decreased by increasing the ionic strength of the solution
(Lu et al., 2009).

3.5.2 Effect of Monovalent lonic Strength

Additional simulations were done to investigate the effect of ionic strength
on the sorption process on bentonite clay by varying the concentration of
NaCl, while the concentration of CaCl, was fixed. In this section, the
fraction of different cations in the electrical double layer has been studied
as a function of pentavalent cations in the bulk. Furthermore, the average
double layer concentration and the retention coefficient were plotted as a

function of NaCl concentration. The simulations were run at room
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temperature (298 K) and at surface charge densities of -3 and -4 e/nm®. The

fraction of Na*, Ca** and M°" as a function of M°" cations concentration at

different bulk conditions is shown in Figure 4.20.
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Figure 4.20 Fraction of different counterions in the slit as a function of pentavalent

cations concentration in the bulk solution. The surface charge density has been kept

constant as pointed in the plots. While the bulk conditions have been varied; a) X mM

NaCl, 4 mM CaCl, b) X mM NaCl, 10 mM CaCl,. The slit width is 3 nm. The values of

X are obvious in the graphs.

Figure 4.20a presents the fraction in bulk solutions of 4 mM CacCl, and the

NaCl concentration is increased from 200 to 400 and to 800 mM, while the
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fraction in bulk solutions of 10 mM CaCl, and the NaCl amount is varied
from 200 to 400 and to 500 mM is illustrated in Figure 4.20b.

The obtained results at surface charge densities of -3 e/nm? and -4 e/nm?
indicate that by increasing the concentration of NaCl in the bulk solution,
the fraction of pentavalent cation decreases significantly. While the fraction
of monovalent cation increases clearly but the fraction of divalent cation
increases very slowly since its concentration in the bulk is very small. Note
that, the fraction of M°* completely dominates over Na* and Ca?* species.
For example, Figure 4.20a illustrates that, at o = -3 e/nm® and at 10°® M of
pentavalent cations, the fractions of Na*, Ca’* and M>" are 0.1987, 0.0142
and 0.7871, respectively at bulk solution of 800 mM NaCl, 4 mM CaCl,.
By lowering the NaCl concentration to 400 mM, the fraction of Na*, Ca®*
and M°* will be 0.0878, 0.0117 and 0.9007, respectively. One can conclude
that, the lowest used concentration of NaCl (200 mM) is more effective
than other concentrations to adsorb more pentavalent pollutants on the clay.
Moreover, the increased sorption trend with decreasing monovalent cations
concentration in the bulk solution is also investigated by studying the
average EDL concentration by varying the amount of NaCl concentration
(Figure 4.21). In Figure 4.21a, it is obvious that by increasing the NaCl up
to 800 mM at surface charge densities of -3 and -4 e/nm? with 10° mM of
pentavalent cations, the average electrical double layer concentration tends
to decrease. The same behavior was found in Figure 4.21b, when the

concentration of monovalent cation is changed from 100 to 500 mM.
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Figure 4.21 Average electrical double layer concentration of pentavalent cations as a
function of NaCl concentration at surface charge densities of -3 and -4 e/nm. The bulk
includes a) X mM NaCl, 4 mM CaCl; b) X mM NacCl, 10 mM CaCl; and 0.00001 mM
of pentavalent cations. The solid curves are linear fitting, while the dots are simulated

results.

Furthermore, the retention coefficient of pentavalent cations as a function
of NaCl concentration at 10°> mM of pentavalent cations is clarified in
Figure 4.22. It reduces by increasing the concentration of NaCl. The
decreasing in the retention coefficient of M>" with increasing the
monovalent cations in the bulk is imputed to high competition of
counterions on the charged surface. That competition resulted from the
additional amount of NaCl concentration in the solutions. Therefore, the

possibility of adsorption M°* cations is becoming less.
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Figure 4.22 The retention coefficient calculated from the data in Figure 4.21. The solid

curves are linear fitting, while the dots are simulated results.

The spatial distribution of different counterions is demonstrated in Figure
4.23 at surface charge density of -4 e/nm® with 10° mM of pentavalent
cations. It is clear that, by increasing the NaCl concentration from 400 to
800 mM (Figure 4.23a) and from 200 to 500 mM (Figure 4.23b), the
distribution of pentavalent cations decreased, while the mono- and divalent
distributions increased.

Note that, the divalent cations distribution is not affected compared to
monovalent ones. Since at different bulk solutions, the CaCl, is fixed and
small; 4 mM (4.23 a) and 10 mM (4.23 b). In addition, monovalent species
are dominant over divalent ones (Figure 4.23 a) however the divalent
species are dominant over monovalent ones (Figure 3.23 b). This is
presumably due to the CaCl, concentration which in (4.23 a) is less than in

(4.23 b).
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Figure 4.23 Counterion distribution as a function of distance z outside the charged
surface. Two different bulk systems are shown with a) 400 mM NaCl, 4 mM CaCl,
(solid lines) and 800 mM NacCl, 4 mM CaCl, (dashed lines) b) 200 mM NaCl, 10 mM
CacCl; (solid lines) and 500 mM NaCl, 10 mM CaCl, (dashed lines). The slit width is 3
nm.

The results of ionic strength are in agreement with the related experimental
studies. For example, the work of (Zavarin et al., 2012) shows a decreasing
trend of Np(V) and Pu(V) sorption by increasing the NaCl concentration.
Also this behavior was found in the sorption of Np(V) by varying the ionic
strength of NaCl and KCI (Zavarin et al., 2013). Besides, the study of
(Sabodina et al., 2006) displays a decreasing behavior by increasing the
ionic strength from (0.1 to 0.01 and to 0.001 M) which is maintained by
NaClO,at low values of pH.

Finally, the volume of the influence of varying the amount of mono- and
divalent cations in the solution is clear in Figure 4.24. By comparing the
rate of decrease shown in the plots, the effect of changing the ionic strength
at specific M>* concentration (10° mM) and at 6 = -3 e/nm? is more

obvious in the simulations that changed the divalent cations concentration



75
(Figure 4.24b). That is, increasing the ionic strength which is maintained
by divalent cations will impact the retention coefficient more than the
monovalent ones. Moreover, the decreasing rate in the blue curves is higher

than in the red ones.
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Figure 4.24 The retention coefficient of pentavalent cations as a function of a) NaCl b)
CaCl, concentration at surface charge density of -3 e/nm? with 10° mM of M>* cations.
The decreasing rate of the curves is indicated in the plots. The solid curves are linear

fitting, while the dots are simulated results.
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Chapter Five
Conclusions

Monte Carlo simulations have been used in grand canonical ensemble to
generate numerical results for the sorption process of pentavalent ions on
bentonite using the primitive model of NaCl and CacCl, electrolytes next to
planer uniformly charged walls. The simulations were carried out for
negative surface charge densities over pentavalent bulk concentration
ranging from 10°® to 10 (M). Based on the obtained results, the following
can be concluded:

(1) The sorption process of pentavalent cations on bentonite clay is
affected by the concentration of M>* in the bulk, the surface charge
density over the walls, the temperature of the system and the ionic
strength of the solution.

(2) The average electrical double layer concentration of M°* pollutants
IS:

a) Increasing by increasing the pentavalent concentration in the
bulk and the surface charge density.

b) Decreasing by increasing the ionic strength of mono- and
divalent cations.

c) Decreasing slowly by increasing the temperature.

(3) The retention coefficient of M>* pollutants tends to:
a) Increase by increasing the surface charge density.
b) Decrease by increasing the pentavalent concentration in the

bulk and the ionic strength of mono- and divalent cations.
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c) Decrease slightly by increasing temperature.

(4) The fraction of M>" cations increases as a function of their bulk
concentration, while the fraction of Ca** and Na* decreases. In
addition, the fraction of M>" species gets more abundant at higher
values of surface charge density, higher concentrations of
pentavalent cations in the bulk and lower Ca** and Na'
concentrations.

(5) The spatial distribution (concentration) of pentavalent cations in the
electrical double layer is decreasing exponentially with increasing
the distance from the charged surface.

(6) The results also assert that, the bentonite clay is an effective material
for retention, immobilization and removal of pentavalent
radionuclides from huge volumes of waste water. Moreover, Monte
Carlo is an effective, accurate and economical method to investigate

the sorption process on clays.
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