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Abstract

The electrostatic interaction between macroion and counterions in the different electrolyte solution
have been studied by using Monte Carlo simulation methods, the different effect has been studied,
changing macroions dielectric constant, changing the radius of counterions, and concentrations of
adding salt (monovalent (1:1), trivalent (3:1) and pentavalent (5:1) on the charge inversion and the
properties of the electric double layer in spherical cell conditions. The radial distribution functions
between macroion and other ions, integrated charge number, and the potential of the electric double
layer were plotted. For free salt systems, different types of macroions dielectric constant, and
several values of counterions charge were used. For systems without salt, It is found that the
negative value of zeta potential of the electric double layer increases when macroions dielectric
constant increases, it also increases when increasing the valence of the counterion. Also, the
accumulation of counterions around macroions increases with the decrease of counterions radius,
and when increasing macroion’s charge and counterion’s charge the accumulations increase. For
systems with salts, at different macroions dielectric constant, (For (60:1) system with salt.) it is
found that the negative value of surface potential increases with increasing salt’s concentration. In

addition, charge inversion occurs for macroions at high values of multivalent salt concentrations.
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Chapter One

Introduction



Chapter One

1.1 Introduction:

Electrostatic interaction is the most fundamental contact in the molecular area, resulting in short-
range intramolecular bonding as long as other interactions between molecule aggregates are
present (French, Roger H., et al. 2010). The study of the electrostatics of charged ions originated
in the second part of the eighteenth century (Whitaker, 1990).

Electrostatic interactions abound in soft matter and biological systems. Soft materials are easily
deformed as a result of thermal stresses or thermal fluctuations at room temperature and external
stimuli, as well as a poor response with extended relaxation periods, resulting in non-trivial flow
activity and stoppage under non-equilibrium circumstances. These materials include polymers,
gels, colloids, emulsions, foams, surfactant assemblies, liquid crystals, granular materials, and
numerous biological materials and colloids (such as dust, rain, smoke, cloud, gelatin, milk, blood,
and butter) (Holm, Kekicheff and Podgeomik, 2001).

The (DLVO) hypothesis, named after the scientists Derjaguin, Landau, Vervey, and Overbeek, is
used to characterize colloidal phase stability. The interactions between lyophobic colloids are
described by DLVO theory in terms of two separate interactions: a repulsive electrostatic force
generated by charges on the particle surface and an attractive van der Waals forces caused by solid
parity (Bostrom, Williams and Ninham, 2001).

1.2 Colloid:

The word "colloid" comes from the Greek word "kolla,” which means "glue.” It was originally
employed for gelatinous polymer colloids, and Thomas Graham (a British scientist) was the first
to scientifically use it (1860). Colloid science is interested in structures with at least one component
with a dimension ranging from nanometer (10° m) to micrometer (10°® m. This phrase is older
than the term "nano.” A 'colloidal system' is produced when one of these states is finely dispersed
throughout another. These materials possess unique characteristics that make them highly helpful

in practice.

Colloidal systems include aerosols, emulsions, colloidal suspensions, and association colloids. The
most fundamental colloidal materials, known as suspensions or dispersions, are composed of two

mixed phases. It can exist as a gas, liquid, or solid in both the continuous and dispersed phases (or
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even plasma, the fourth phase of matter). The dispersed or suspended phase is formed by the
colloid particles. The dispersed materials are more complicated than suspensions and may also be
a gas, liquid, or solid, or some mix of the three. Even though they might be heterogeneous at or
below the microscale, colloidal dispersions are homogenous mixtures (Hunter 2001).

Because of the structure of the colloid, it possesses a wide range of physical and chemical
characteristics. The colloids vary from other molecular or simple electrolyte solutions (such as
sugar or salt solution) because they have a large imbalance in size and mass between the colloidal

particles and the other solvent molecules (Naji, Kandue, Netz, and Podgomik, 2010)

Colloidal Solution Physical Properties: (a) Stability: Colloids may be found in nature and are
relatively stable. The particles of the dispersed phase are constantly moving and stay suspended in
the solution. (b) Filterability: For filtration, colloids require specialized filters called ultrafilters.
They easily pass through ordinary filter papers without leaving any residue, (c) Heterogeneous
nature: Colloids are heterogeneous in nature because they consist of two phases, the dispersed
phase, and the dispersion medium, and (d) Homogenous appearance: Even though colloids have
suspended particles and are heterogeneous in nature, they appear to have a homogeneous solution.

This is because the suspended particles are so small that they cannot be seen with the naked eye.

Because of its relationship with phase stability of colloidal suspensions have a significant presence
in medical and technical sectors. It is well known that the presence of oppositely charged

counterions severely degrades the stability of colloidal dispersions (Lobaskin and Qamhieh, 2003).

1.3 DLVO:

The (DLVO) hypothesis, named after the scientists Derjaguin, Landau, Vervey, and Overbeek, is
used to explain the phase stability of colloidal (Bhattacharjee, Elimelech, and Borkovech 1998).
They presented their theory for understanding the stability of lyophobic colloids in 1943 and 1948.
The DLVO theory defines interactions between lyophobic colloids as two distinct interactions
(Molina et al, 2006). Figure (1.1) depicts a repulsive electrostatic force (EDL) generated by
charges on the particle surface and an attractive interaction van der Waals force (VDW) because
of the solid particle cores (Evan, 1994).



Electrostic
—

repulsion

\
Interaction energy / DLVO

potential

Distance

] e

- . Van der waals attraction

Figure 1.1: The two DLVO interactions, (continuous line) obtained as the sum of the electrostatic repulsion
and van der Waals attraction.

The theory is based on the assumption of a constant surface charge density 0 about the electrolyte
concentration and counterion valency (Evans,1999). Only the Debye length is affected by the
electrolyte in the DLVO interaction. According to DVLO theory, a particle's stability in solution
is governed by its total potential energy function V', which may be calculated using the following

equation Eq.1.1
Ur = Vg + Vg +Vy Eq.1.1

Where V1 denotes total potential energy and Vs denotes solvent potential energy.
VR: stands for repulsive potential energy, whereas Va: is for attractive potential energy.

Two isolated like-charged plates, ( Guldbrand, 1984 ), cylinders, ( Gronbech, 1997), or spheres (
Wu, 1998 ) can be attractive at short separations in an electrolyte solution containing multivalent
counterions in the absence of van der Waals interactions. It has recently been demonstrated via
molecular simulations. Because it ignores charge density variations in electrostatic double layers,

the DLVO theory fails to account for such attraction.



1.4 EDL:

In the 1850s, Helmholtz suggested the EDL via the electrode polarization concept. This is a
common phenomenon that is finding increasing use in batteries, superconductors, solar or fuel
cells, and ionizing membrane electrodes (Birla and Kant, 2011). In his model, he assumed that no
electron transfer processes occur at the electrode and that the solution is solely composed of
electrolytes. The interactions between the ions in solution and the electrode surface were thought
to be electrostatic in nature and came from the fact that the electrode had a charge density (o) that
originates from either an excess or shortage of electrons at the electrode surface (Birla and Kant,
2013).

EDL is a phenomenon that plays an important part in colloidal electrostatic stability. Colloidal
particles acquire a negative electric charge as negatively charged ions from the dispersion media
adsorb on the particle surface. The positive counterions that surround a negatively charged particle
attract them. As illustrated in Figure (1.2), an electric double layer surrounds a particle of the
dispersed phase, containing the ions adsorbed on the particle surface and a film of the
countercharged dispersion medium. The EDL is an electrically neutral system (Park and Seo,
2011).

Hydrodynamic plane of

Diffuse layer h libpi )

lons are diffused shear (slipping plane)

more freely Charges beyond the slipping plane will

arotfnd the not move with the particle as an entity.

particle. ions within this boundary will move with

particle as one entity.

Negatively charged
particle

Stern layer

The particle will attracrt ions of the
opposite charge. positive ions will

move closer to the surface. these

ions are tightly bound immediately

'
¥ around the surface.
Potential enery curve; g

Surface potential

Distance from particle surface

Figure 1.2: Diagram of Electric Double Layer.



The electric double layer is made up of three parts: (a) Surface charge: charged ions (usually
negative) adsorbed on the particle surface, (b) Stern layer: counterions (charged opposite to the
surface charge), attracted to the particle surface and tightly attached to it by electrostatic force, and
(c) Diffuse layer: a film of the dispersion medium (solvent) adjacent to the particle. The diffuse
layer is made up of free ions with a larger concentration of counterions. The charged particle's
electrostatic force affects the ions of the diffuse layer (Elakneswaran, Nawa, and Kurumisawa,
2009).

On the particle surface, the electrical potential within the electric double layer reaches its greatest
value (Stern layer). The potential decreases as one move away from the surface and eventually
approaches zero at the border of the electric double layer.

A layer of the surrounding liquid remains attached to a colloidal particle as it travels through the
dispersion medium. The layer’s boundary denotes the slipping plane (shear plane). The value of
the electric potential at the slipping plane is known as the zeta potential, it is a critical parameter

in the theory of colloidal particle interaction.

There are no electron transfer processes in the electrode, and the solution solely comprises electrol.
Electrostatic interactions occur between the ions in the solution and the electrode surface.
However, the electrode carries a charge density that is caused by an excess or a scarcity of electrons
at the electrode surface. To keep the interface neutral, the charge retained on the electrode is

balanced by reallocating the ions near the electrode’s surface (Lobaskin and Qamhieh, 2003).

The charge of the macroion is surrounded by the charges of the counterions from the electrolyte
solution (Lee et al., 2017), and when salt is added to the electrolyte solution, the salt ions (positive
and negative) begin to organize themselves around the macroion surface. The present salt ion
distribution will generate an ion cloud around this macroion, concealing the charge of macroions
as a result of being in salt-containing electrolyte solutions. Thus, the clarified phrase was screening

time, and one of them is Debye Screening Length.

The traditional Debye-Huckel theory defines the Debye screening length as the distance over
which a charge (Q) is screened by the ions in a solution. A low salt concentration solution has a
long screening duration, but this connection breaks down in a high concentration solution

(Nobbmann U., 2018). It is proportional to the solvent's permittivity (Lee et al., 2017).



1.5 Charge inversion:

Charge inversion (overcharging) is a significant electrical phenomenon observed in colloids and
molecular biophysics in biological systems. Screening by movable ions controls electrostatic
interactions in an electrolyte solution. In the presence of multivalent ions, an unusual phenomenon
occurs, such as repulsion between oppositely charged ions and vice versa, as well as the attraction

between ions of the same charge (Besteman, Zevenbergen, Lemay, 2005).

In a water solution, charge inversion occurs when a macroion bonds so many Z-ions that its net
charge changes sign. Negative DNA (works as a macroion) which must be inverted by positive

Z-ions to enter a negatively charged cell membrane) is especially important (Grosberg, 2002).



1.6 Previous studies:

V. Lobaskin and K. Qamhieh (2003) investigated the Effective Macroion Charge and Stability of
Highly Asymmetric Electrolytes under varied salt conditions, explaining the electrostatic
processes for highly asymmetric electrolyte instability. A rudimentary model of Monte Carlo
simulations of charged macroions immersed in a multivalent salt solution was carried out. They
discovered that: (1) at low salt concentrations, the effective charge of the macroion is reduced due
to multivalent counter ion adsorption. (2) At high salt concentrations, the macroions get
overcharged, resulting in an apparent charge with the opposite sign to the stoichiometric charge.
The inverted charge then increases to saturation. The salinity rises. They claimed that the system

remained stable at both low and extremely high salt concentrations.

K. Qamhieh and P.lines (2005) used Monte Carlo simulations to investigate the effect of
substituting the usual uniform macroion surface charge density with discontinuous macroion
charge distributions on the structural characteristics of aqueous solutions of like-charged
macroions. They looked at two discrete charge distributions: point charges on the macroion surface
and finite-sized charges protruding into the solution. They experimented with both discrete charge
distributions and fixed and movable macroion charges. Counterions grow bigger accumulated to
the macroion with point charges concentrated on the macroion surface, and the impact rises with

counterion valence.

To determine the charge inversion concentration, K. Besteman, M. A. G. Zevenbergen, and S. G.
Lemay (2005) investigated charge inversion by multivalent ions and its dependence on the
dielectric constant of the solvent (&) and the surface-charge density by an experimental method.
This was done by direct measurement of the electrostatic interaction between two oppositely
charged surfaces. They utilized a Digital Instrument Nano-Scope and an Atomic Force Microscope
to measure and visualize the force between the surfaces against their separation in an asymmetric
electrolyte at various concentrations. Their findings agreed with the theoretical hypothesis that

spatial links between ions are the primary dominant driving mechanism of a charge inversion.

Lopez-Garcia et al. (2010) improved on their prior model by allowing for a distinct closest

approach distance to the particle surface for each ionic species. The most significant aspect is that



it forecasts charge reversal under proper conditions by just taking such ionic excluded volume

effects into account.

Per Linse and Leo Lue (2011) investigated models of charged spherical colloids in salt-free
solution, including instances where the dielectric constant of the macroion interior is less than that
of the surrounding solution. The simulations were performed using a novel, precise, and fast
technique for quantitatively assessing the electrostatic polarization interaction. Counterion
distributions outside a macroion are predicted by the field theory to accord well with simulation
findings over the whole spectrum of electrostatic coupling from weak to solid, and a low-dielectric

macroion leads counterions to be pushed away from the macroion.

Levy and D. Andelman (2012) investigated how the dielectric response of a dielectric liquid
changes when salt is introduced to the solution. Field-theoretical techniques were used to extend
the Gibbs free-energy to first order in a loop expansion and compute the dielectric constant self-
consistently. They were able to recreate the linear and non-linear dielectric decrement behavior
across a wide range of ionic concentrations, and the resulting values are quantitatively consistent
with data for numerous kinds of monovalent salts. Furthermore, a qualitative description of the
hydration shell defined by a single length scale, Lh, was discovered, and it was noticed that their
model does not contain any major ionic-specific effects. They then included the ionic finite-size
and specific non-electrostatic short-range interactions to improve the model, which impacts both
the bulk characteristics of ionic solutions, such as dielectric constant and viscosity, as well as their

behavior at surfaces, particularly surface tension.

M. Kandu, A. Naji, J. Forsman, and R. Podgornik (2012) investigated the interaction of two neutral
plane-parallel dielectric bodies in the presence of a highly asymmetric ionic fluid that contained
both multivalent and monovalent (salt) ions. Image charge interactions caused by dielectric
discontinuities at the boundaries, as well as effects from ion confinement in the slit region between
the surfaces, are fully considered, leading to image generated depletion attraction, ion correlation
attraction, and steric-like repulsive interactions. These effects were investigated using a
combination of methods including Monte-Carlo simulations, both explicit and implication, as is
an effective interaction potential analytical theory. The attractive interaction between the neutral

surfaces is demonstrated to be considerable when compared to the normal van der Waals



interactions between semi-infinite dielectrics, and can therefore play a significant role at the

nanoscale.

K. Qamhieh and R. Afaneh (2012) investigated the electrostatic potential between the macroion
surface and the coincident ions in solution using Monte Carlo simulations. As the salt
concentration rises, so will the potential and accumulated charge. The critical surface charge
density oc was found when zeta potential() is zero.

The Effect of Discrete Macroion Charge Distributions on the Electric Double Layer of a Spherical
Macroion was investigated by K. Qamhieh, M. Amleh, and M. Khaleel (2013). Researchers
investigated two discrete models of the core macroion charge: point charges concentrated on the
macroion surface and finite-sized charges projecting into the solution. They determined that the
charge distribution model has a considerable influence on the EDL structure near to the macroion
and that the effect is considerably smaller at further distances. They also stated that when point
charges are concentrated on the macroion surface, counterions accumulate stronger to the

macroion, lowering the absolute values of surface potential (ys) and zeta potential ().

G. Ivan, G. Garca, and M. Olvera de la Cruz (2014) studied the impact of a dielectric discontinuity
on the structural and thermodynamic characteristics of a spherical nanoparticle composed of
different dielectric materials while immersed in a charge-asymmetric 1:Z supporting electrolyte.
As a function of salt content and nanoparticle valence, the mean electrostatic potential, integrated
charge, and ionic profiles were investigated. Using Monte Carlo simulations and the nonlinear
Poisson-Boltzmann theory (PB), electrostatic screening and charge neutralization at the surface of
a nanoparticle rise as the nanoparticle's dielectric permittivity increases. Furthermore, the
nonlinear Poisson-Boltzmann theory (PB) corresponds well with simulation results. It was
observed that raising the dielectric permittivity or valence of the nanoparticle, lowers the critical
salt concentration at which a sign inversion of the mean electrostatic potential occurs at the
Helmholtz plane, which is strongly connected to potential action and electrophoretic mobility.
Nonetheless, polarization effects were discovered to facilitate surface charge amplification, or the
increase of a nanoparticle's net charge by adsorption of similarly charged ions on its surface, in

weakly charged spherical nanoparticles with low dielectric permittivity.

N. Gavish and K. Promislow (2016) proposed a unique micro field method for investigating the

effect of the orientational polarization of water in aqueous electrolyte solutions on salt content and
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temperature. The model predicts a dielectric functional dependence of the form &(c) = ew —
BL(3ac/B), p=ew— ems, where L is the Langevin function, ¢ is salt concentration, &w is the dielectric
of pure water, ¢ms is the dielectric of the electrolyte solution at the molten salt limit, and a is the
total excess polarization of the ions. Furthermore, the model takes into consideration the potential
contribution to the static dielectric constant owing to ion-pair orientational polarization via a fitting
parameter emS, Which corresponds to the limiting dielectric constant of highly concentrated

electrolyte solutions.

The electrolyte-induced instability of colloidal dispersions in nonpolar solvents was investigated
by G. Smith, S. Finlayson, S. Rogers, P. Bartlett, and J. Eastoe (2017). They developed modern
methods to mediate colloidal stability and instability because these would be extremely useful for
tracking the properties of nanoparticles, particularly in nonpolar solvents, and they then studied
the effect of adding an oil-soluble electrolyte on colloidal interactions in their work. They
demonstrated the attractive qualities of this system as well as the macroscopic and microscopic

implications, as well as the relationship with concentrations.

The charge regulating macro-ions in salt solutions, as well as the screening characteristics and
electrostatic interactions, were investigated by Y. Avni, D. Andelman, T. Markovich, and R.
Podgornik (2018). They investigated the impacts of the relationship between distinct adsorption-
desorption sites, as well as the associated behavior in terms of solution effective screening
characteristics. They also demonstrated that such behavior can be quantified in terms of the
macroions' charge asymmetry, which is characterized by their preference for a non-zero effective
charge. They discovered that macro-ions that behave as donors exhibit quite typical behavior, but
those that function as acceptors have a pounding on-monotonic Debye length, and their findings

are particularly relevant for protein solutions.
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1.7 Statement of the problem

Most of the Previous studies have studied the electric double layer, zeta potential, and charge
inversion phenomena in an electrolyte solution of dielectric constant similar to the dielectric
constant of the macroion. In my study the electric double layer, zeta potential, and charge inversion
are investigated considering the dielectric constant of the solution to be different than the dielectric
constant of the macroion, where different radii of the counterions are used, using Monte Carlo

(MC) simulations.

In addition, the effect of the dielectric constant of macroion on the charge inversion and EDL
properties of the colloidal particles has been studied in the presence of multivalent salts

(monovalent, trivalent, and pentavalent).

This simulated work when the dielectric constant of the macroion interior is different from the
surrounding solution has an intriguing practical significance in that it opens the door to more

research on charge inversion in the colloidal environment.
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Chapter Two

Model and Method
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Chapter Two

2.1 Introduction

To satisfy the aim of this study, Monte Carlo (MC) simulation has been used. Mainly to investigate
the effect of macroion dielectric constant on the colloidal particle, the radius of counterions, and
the concentration of salt was changed while the effect on the properties of the electric double layer

was observed.

The solvent is treated as a dielectric medium with a relative permittivity &s equal to that of bulk
water at 298K in this primitive model of electrolyte solutions established within the context of Mc-
Millan—Mayer theory. Once charged hard spheres represent colloids, counterions, cations, and
anions, and once charged soft spheres represent colloids, counterions, cations, and anions (Curtis
2001).

2.2 Model

In this model, we have different systems of solutions in asymmetric electrolytes, consisting of two
types of charged spherical particles labeled as:

1-Macroion: are represented as hard spheres with radius (Rm = 20 A), and has a different total
charge (Zme =-10 e, -60 e, and -80 e), where e is the elementary charge.

2- Counterions: are represented by charged hard small spheres with radius (Rc = 2 A, and zero A)
with a charge of Zce = +1, +2, +3, +4, and +5.

Treated within the framework of the fundamental model in which the solvent (water) enters our
models via its dielectric constant (es = 78.4).

The macroion's total charges are concentrated in the center of the large hard spherical. Assume
that the origin point is the center of a spherical cell with a radius of (Rsph = 100, and 93).

First, we study the effect of the dielectric constant of macroion on EDL characteristics.
Moreover, the effect of changing the valence of counterions is investigated. Table 2.1 represents

the investigated systems.
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Table 2.1: specification of the five systems.

System yAY Zc Dy Rm Rc Rsph

60:1 -60 +1 0.008 20 2 100

60:2 -60 +2 0.008 20 2 100

60:3 -60 +3 0.008 20 2 100

60:4 -60 +4 0.008 20 2 100

60:5 -60 +5 0.008 20 2 100
Where:

Zwm: charge of macroion,

Zc: charge of counterions,

®nm: macroion volume fraction,

Rw: radius of macroion,

Rc: radius of counterions,

Rsph: radius of the spherical cell.

The macroion total charges are located at the center of the hard sphere (sph).

The second stage was to study the effect of surface charge density of macroion, the size effect of
counterions, and valence as shown in table 2.2.

Table 2.2: shows the specification of the three systems.

System Zm Zc Dy Rm Rc Rsph
10:1 -10 +1 0.01 20 2 and zero 93
80:1 -80 +1 0.01 20 2 and zero 93
80:2 -80 +2 0.01 20 2 and zero 93

Usually, the dielectric constant of the macroion is taken to be equal to that

(homogeneous dielectric solution), em = &5 =78.4

of the solvent,

The total potential energy of interaction of the Ut system in our model is the sum of three potenti

al energies.

15
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Where Uys is Hard-sphere repulsion, which is given by:
h
Ups = Xi<juij (1ij)s

o, rij < (Rl + R])

. h —
With, wij' () = { 0, ;=R + R

Where;
I and j denote either a macroion, a m, or a counterion,
Riand R; represents the radius of the hard spheres i and j respectively,
rij is the distance between the centers of particles i and |,
The Uelec is the coulomb interaction, which is given by:

Uetec = Zi<j uiejlec(rij)’
With, the following formula of Coulomb’s Law:

ZiZjez

4ATTEGES rij’

l _
ufjec(rij) =

Where;

Ziand Z; are the valances of ions i and j respectively.

rij is the center-to-center separation between ions i and j.

e is the elementary charge (1.9 *10° C).

gois the dielectric constant of the vacuum (8.854*10°12C/V.m).

&s or (er) is the dielectric constant of each solvent.

The confinement potential energy Uex: in Eq. 2.6, is given by:
Uext = Zi uiext(i)’

With,

0, T = Rsph
o, T; > RSph

ut(r) = {

Eq. 2.2

Eq. 2.3

Eq. 2.4

Eq. 25

Eq. 2.6

Eq. 2.7

Where Rspn is the radius of the spherical cell in case of the boundary conditions is spherical.
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The particle interaction is pairwise additive and is given by:

o, rij < (RL + R])
U..(r) =1 z,z;e? ,
”(T') Zizje” 1 rij = (R; + Rj)

4meges 1y’

Eq. 2.8

Finally, the case where the macroion has a dielectric constant lower, and higher than that of the
solvent, heterogeneous dielectric solution em # &s was considered and which is a more realistic

description for colloids in aqueous

In this case, the interaction energy Ut of the system can be given as Eq.2.9
1
UT = UhS + Uelec + Uext: + E Upol Eq29

Upoal is the polarization energy is determined by Eq.2.10

_ 99 v l 4T Es—Em R+t *
Upor(1y, ) = 2 521 S | 2| () Yin 0, 8)Yim 0 ®)  EQ210

In the case that em = &s (homogeneous dielectric solution), the polarization energy upor is zero. And,
if em # & (heterogeneous dielectric solution), a polarization surface charge density will appear at

the dielectric discontinuity and Uyl becomes nonzero.

To simplify, let the dielectric discontinuity be spherical with radius Rq. Then, the potential energy
involving the polarization surface charge density and the counterions can be cast as an ionic self-
term Upai(ri, 1i) and an ion-ion term Upai(rj , 1i) with applicable to both j =i and j # i, where r = (r,
0, @), Yim is the spherical harmonics, and Y~*im (i, ®j) is the complex conjugate. In the following,
the dielectric discontinuity will be placed at the hard-sphere surface of the macroion, i.e., Rqg = Rm.
This maximizes the effect of the polarization surface charge density. (Leo Lue and Per Linse,
2014), and (Qamhieha and Lines, 2005).

When added the salt, we study the effect of different concentrations of salt was adding on the
systems 60:1, 60:3, and 60:5 at three dielectric constants of macroion.

The salt concentration is expressed as the ratio of the multivalent charges to the charge of the

macroin, which may be calculated using the following equation:
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Zc Pc
= Zebe Eq. 2.10
B ZyM PM f

Where;

Z. are the valence of the corresponding salt species
pcthe number density of the corresponding salt species,

Zy are the valence of the macroion

pwm are the number density of the macroion.

For both systems that are represented in table 2.1 and table 2.2 we calculated the macroion number
density by :

py =25%10"7A73 Jand 2.97x 1072 A3
respectively to the volume fraction of the macroion @m=0.008, and 0.001 respectively, keeping the

temperature constant at, T=298 K. (Vladimir and Qamhieh 2003).
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2.3 Method and Simulation setting

The Monte Carlo simulation is named after the town of Monte Carlo in Monaco, famous for
gambling. Monte Carlo simulations are used to model the likelihood of various outcomes in a
mechanism that cannot be easily predicted due to the intervention of random variables. It is a

methodology used to consider the effect of risk and uncertainty on prediction models.

This simulation can be used to solve problems in almost any field, including economics,
engineering, supply chain management, and research. It is a commonly utilizes mathematical
analytical methodology in most scientific research subjects, including both non-engineering and
engineering fields. It has been used to solve a wide range of problems, starting with the simulation

of complex physical events like atom collisions and traffic flow simulation.

Monte Carlo is very well suited to solving complicated physical issues since it can handle a large
number of random variables, numerous distribution forms, and extremely non-linear engineering
models (Siddall, 2003).

This method will be taken for the isothermal-isobaric (NPT) ensemble (constant number of
particles, pressure and temperature), depending on the standard Metropolis algorithm (Per Lines
et al, 2004).

3.4 Metropolis Algorithm:

In 1953, Metropolis made the first paper on a technique that was central to the method now known
as simulated annealing, which was fundamental to the process currently known as simulated
annealing. This study revealed the first numerical simulations of a liquid, for producing samples
from the Boltzmann distribution. Monte Carlo methods are a type of computing procedure that
computes results through repeated random sampling. Before the development of the Metropolis
algorithm, Monte Carlo methods were used in statistical mechanics applications in a variety of
ways, but they all followed the same pattern:

Defining the possible range of input values generating a large number of random configurations
of the system (input value), applying the required arithmetic operations to those values computing
the properties of interest (such as energy or density) for each configuration, repeating the process

for a specified number of times (the accuracy of the results increases with the number of iterations),
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a compilation of current results with previous results and then producing a weighted average where

the weight of each configuration is its Boltzmann factor.
It is implemented using the following algorithm:

1. Chose the particles to move at random and move them by a random distance.
2. Calculate the energy difference AU triar = U new — U oid between the old and new

configuration.

If AU wia <0 accept the new configuration, else if random number generating 0 <x <1 is smaller
than exp( -AU wial /KgT), accept the move, else reject the move and count the old configuration as
the new configuration. After every step, data for averages is accumulated before a new trial move
is attempted (Schneider, 2003).

£

Always
Accept

[ exp(—=AU trial /K ,T')

0 £|

Figure.2.1: Scheme of accepting and rejecting trial moves in Metropolis algorithm.
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Chapter Three

Results and discussions:
3.1 Introduction:

In this section, the results and outcomes of the investigation are presented, discussed, and built on.
To start with, let’s clarify that calculations have been achieved by advanced computational
software, the Molsim package (Per Lines et al, 2004). The present work has been divided into two

systems:

1-Systems without adding salts.

2- System with multivalent salts at different concentrations:
(@) monovalent salt,

(b) trivalent salt,
(c) pentavalent salt.

3.2 Systems without salt:

Monty Carlo simulations were used to study the effect of the dielectric constant of macroion, and
valency of counterions on EDL characteristics through five systems that have been previously
represented in table 2.1. For all systems we have run 107 (steps/ passes) for equilibration

(production), 107 (steps/ passes) for running.
Central charge distribution:
Effect of macroion dielectric constant and counterion charge:

The RDF provides the relative density of small ions at a distance r from the macroion. Its value is

unity in the absence of any spatial correlation.

Figure 3.1 shows Macroion—counterions radial distribution functions (RDFS) for the central
charge distributions with different (counterion valences) in systems without salt. The graphs are
plotted concerning counterions distance (r) from the center of the macroion in Angstroms, for

different macroion dielectric constant gm.
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Figure 3.1: Macroion-counterion radial distribution function (RDFs), without salt, for different macroion

dielectric constant. The valence of macroion is Zu= -60. and at different counterion valences Zc: a) +1, b)
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+2, ¢) +3,d) +4, and e) +5, red, black, and blue curves correspond to dielectric constants of macroion 2,78.4,
and 500 respectively. the dielectric constant of the solvent &s =78.4.

Figure 3.1 shows that the distribution of counters around the macroion, which has the largest value
at the highest value of the total dielectric constant (em = 500). While the smallest electrostatic
correlation is found for the lowest value of the macroion dielectric constant (em = 2), the low
macroion dielectric constant shifts the variances away from the macroion. See the reference (lue,

and linse, 2014) for further information.

When the macroion dielectric constant is smaller than that of the surrounding solvent, this results
in an additional repulsive force acting on the counterions caused by the surface charges of the
dielectric break. This repulsion is often attributed to the photo charges (or image charge densities)
on the other side of the dielectric discontinuity as viewed from the counterions.

It is clear that when the macroion dielectric constant is smaller than the solution dielectric constant,
the counter accumulation around the macroion decreases, and when the macroion dielectric
constant is higher than the solution dielectric constant, the counter accumulation around the

macroion increases.

Table 3.1: Values of the maximum accumulation of counterions RDF in the vicinity of macroion
for macroion counterion radial distribution functions at system valence 60:1,60:2, 60:3,60:4, and

60:5, at different dielectric constants of macroion.

stem valence
60:1 60:2 60:3 60:4
&m
2 137 279 330 332
78.4 166 465 772 1051
500 193 667 1330 1974

Based on data from table 3.1it can be concluded that the maximum value of accumulation is the
highest in counterion valence Zi =5 in system 60:5. Moreover, it can be said that the increase in
the dielectric constant of macroion causes an increase in the accumulation of counterions, which

means at macroion dielectric constants =500 higher accumulation.
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In addition, the electrostatic correlation between macroion and counterions hasthe highest value
at the valence of a system that equals 5, followed by valence 4. As for the lowest electrostatic

correlation it was found in the monovalent system.

Also, it is clear that when the counterion valence increased the accumulation of counterions
around the macroion also increased at different counterion valences (Zi = 1,2,3,4, and 5) for each

macroion dielectric constant.

25



. Macroion ®  Counterions

Figure 3.2: The distribution of counterions (green, small balls) around macroion (red large balls) inside the
100 A spherical cell, without salt, at 8)60:1, b) 60:2, ¢) 60:3, d) 60:4, and €) 60:5. At macroion dielectric

constant =78.4
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Figure 3.2 shows the snapshots for the distribution of counterions around the surface of macroion
inside the spherical cell at different valance of counterions Zc, at macroion dielectric constant
=78.4, without salts, it is clear that the accumulation of counterions near macroion surface
increases rapidly when valence of counterions gets greater, because of decrease the number of
counterions. The results agree with the findings of (Per, and Khawla, 2005), also aligns with
(Reem, and Khawla, 2012) results.

The radial functions of the local charge density of the counterions pi(r) are calculated according to
equation 3.1 and plotted as a function of the distance (r) from the center of the macroion as shown

in figure 3.3.
Local charge density (pi(r)) was obtained by:
p;(r) = Z;0; RDF Eq. 3.1
Where
Zi is the valence of counterions,
oi is the uniform density of counterions
RDF is the radial distribution function of counterions around macroion.

The functions of charge density can classify the structure of the ionic space of macroion. The
functions display the local charge density of counterions at that distance r from the center of the

macroion.
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Figure 3.3: Radial Function of local charge density of counterions pi(r), without salt. The valence of

macroion is Zu= -60. and at different counterion valences Zc: a) +1, b) +2, ¢) +3, d) +4, and e) +5, red,

28



black, and blue correspond to dielectric constants of macroion 2,78.4, and 500 respectively .the dielectric

constant of the solvent £5=78.4.

Table 3.2: Values of the local charge density of counterions at different counterion valences when:
a) 60:1, b) 60:2, c¢) 60:3, d) 60:4, and e) 60:5, at different dielectric constants of macroion.

stem valence
60:1 60:2 60:3 60:4
€m
2 314 640 759 767
78.4 381 1067 1754 2405
500 443 1530 3049 4553

Figure 3.2 illustrates that by decreasing the dielectric constant of macroion, the value of macroion-
counterion electrostatic attraction is decreased, and decreasing macroion’s dielectric constant leads
to a displacement of the counterions away from the macroion, and macroion-counterion

electrostatic attraction decreases.

The uniform counterion distribution around the macroion is a compromise between the macroion-
counterion electrostatic attraction force showing the need for complete counterion adsorption on
the macroion surface and counterion entropy improvement a homogeneous counterion density

distribution.

From table 3.2: demonstrates the fact that the accumulation of the counterions near the macroion
surface with all counterion valences. Generally, this accumulation is increased by increasing the
valence, where the highest charge density of the counterions is established for systems with
pentavalent at the highest macroions dielectric constant. For the same reason when decreasing the
dielectric constant of macroion, the value at the dielectric constant of macroion 78.4 agrees with
(Mirfit, Mai, and Khawla, 2013) results.

The integrated charge number P(r) is the net charge of macroion within a distance r from the center

of the macroion, which is calculated using equation 3.2.

P(r)=—Zy, + frooZ[Zipi(r‘)]éLnr‘Zdr‘ Eq. 3.2
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Where

Zw is the charge of macroion (-60),

Ziis the valence of counterions,

pi the local charge density of the countries,

r* is the distance between the center of macroion and counterion.

Integrate number P(r ) are plotted as a function of distance (r) from the center of macroion in
Angstroms, for different systems and several values of macroion dielectric constant, as in figure
3.3.
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Figure 3.4: The integrated charge number P(r) within a distance r from the center of the macroion, without
salt. The valence of macroion is Zu=-60. and at different counterion valences Zc: a) +1, b) +2, ¢) +3, d)
+4, and e) +5, red, black, and blue correspond to dielectric constants of macroion 2,78.4, and 500

respectively .the dielectric constant of the solvent &s=78.4.

In figure 3.4 at r = 24 A, shows that there is a positive correlation between the dielectric constant

of macroions and accumulated charge.

Table 3.3: The values of P(r), without salt, at system valence 60:1,60:2, 60:3,60:4, and 60:5, at

different dielectric constants of macroion.

System valence
60:1 60:2 60:3 60:4
&m
2 -42 -24 -13 -12.8
78.4 -40 -19 -6 -1.7
500 -39 -16 -2.3 -0.13

From table 3.3 it is established that values of P(r) at r = 24 A, reach the maximum value for each
system at the highest macroion dielectric constant, and the value of accumulated charge increases
when the counter ion valences increase due to increase electrostatic attractions.

The value of integrating number at the dielectric constant of macroion 78.4 results is in agreement
with (Reem, and Khawla, 2012) results.
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By using equation 3.3 and from the curves of P(r), the electrostatic potential ¢(r) of the EDL
concerning distance r at each valence of counter ion has been plotted, as shown in figure 3.5.
The mean electrostatic potential, EDL ¢(r), obtained by:

P(r)
r2

@(r) = ﬁf:o dr Eq. 3.3

Where,

e is the elementary charge,

P(r) is the integrated charge number,

r* the distance from the center of the colloids (macroion),
€' is the ratio permittivity of the solution (&* &),

& the permittivity of vacuum (8.854*1072 C/v.m),

er: the permittivity of water (78.4).

The potential is determined at any point on the double layer, in my study the point is at 60 A, as

shown in figure 3.5.

32



o = I ]
E -100 5 60 - 602
— & =500 = - i
¢ i " TS 1 & 'Sﬂ — — E.m:Sm —]
-150 --- g =784 _ | - i
B - g =784 ]
— g =2 B 1
-200 \ 4 120 € ]
(a) | (b) ]
I R R R S N T T
-250 o 2l
I(ﬁu} ( ‘a}
! T T A | T T T 1
E 60:3 E 60:4 7
& — g =500 H{ & — ¢ =500 _]
--- g =784 ] --- g =184 b
o= ] e ]
| (d) ]
1 L | L u
40 60
r(A)
T T =1
B 60:5 -
g ]
& — Em=50[} n
--- g =184 -
_—- =2, ]
PN B
40 50 60

Il ﬁ_}

33



Figure 3.5: Electrostatic potential of EDL o(r), for different systems, without salt. The valence of macroion
is Zu= -60. and at different counterion valences Zc: a) +1, b) +2, c) +3, d) +4, and e) +5, red, black, and
blue correspond to dielectric constants of macroion 2,78.4, and 500 respectively .the dielectric constant of
the solvent &5s=78.4.

Figure 3.5 shows that the magnitude of the negative electrostatic potential decreases gradually near
the surface of the macroion by increasing the dielectric constant of the macroion. Also, it decreases
with the increase of the counterions valence, with pentavalent counterions the decrease is the

largest, because of the increase of electrostatic attraction.

when the concentration of counterions increases near the surface, a double electric layer (EDL) is
formed around each particle e. The distribution of ions in the surrounding interlayer affects the
development of net charge. The importance of zeta potential is that its value can be related to the

stability of colloidal dispersion.

Zeta potential refers to the degree of repulsion between adjacent particles of a similar charge in
the dispersion, zeta potential is the potential of the slipping plane (Rs) in EDL difference between
the dispersion medium and the fixed layer of the liquid associated with the scattered particle, The
total charge of the double layer is zero, and because the charges are spatially oriented and not

randomly organized, they give rise to an electrical potential.

The slipping plane (Rs) is calculated by the relation: Rs =Rm+2Rc.
where:

Rc is the radius of the counterion.

Rw is the radius of macroion.

In my case, Rs = 20+2*2=24 A. Atr =24 A, zeta potential can be found from figure 3.6 (b), page
(36).
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Table 3.4: Electrostatic potential and zeta potential for all systems (counterions valence), with a

different dielectric constant of macroion.

Electrostatic potential | Zeta potential (¢),
Counterions valence Macroion dielectric (Surface potential) ¢s | (MV)atr=24 A
constant (mV) at r=20 A
2 211 -123
+1 78.4 -201 -118
500 -192 -109
I R
+2 2 -125 -47
78.4 -119 -45
500 -109 -39
I A .
+3 2 -81 -7.89
78.4 -67 -2.73
500 -62 -1.99
I A
+4 2 -80 -5
78.4 -64 -3.2
500 -56 -1.7
I
+5 2 -80 -3.47
78.4 -59 -1.67
500 -53 -1.05

The potential at the surface of macroion () has been taken at (20 A), while at (24 A) for Zeta
potential(C).

As shown in table 3.4 the absolute values of surface electrostatic potentials (¢), and zeta potential

(©), decrease linearly with increasing the dielectric constant of macroions em, and counterions
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valence increase. It is noticed that the surface electrostatic potential (¢) values that are larger than

zeta potentials were found on the surface at 20 A, the effect of surface charge of macroion (-60 e).
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Figure 3.6: EDL potential as a function of macroion dielectric constant (2, 78.4, and 500), figure (a) are
Surface potential at r =20 A, and (b) are Zeta potential of EDL at r =24 A, without salt, at different system.

In figure 3.6 the electrostatic potential increases when the valence of counterion increases at the
potential of surface and zeta potential, its value close to zero at the high value of counterion
valences system 60:5. When the values of counterions are small the change of potential is large

then it becomes fixed at a high value of concentration. (Reem, and Khawla 2012).

Figure 3.6. (a) shows the values of surface potentials increase linearly with increasing em, and

counterions valance increase.

Figure 3.6. (b) shows that the value of zeta potentials increases in linear relation as the dielectric
constant of macroions increases. Also, the maximum value of the potential is reached at the highest
values of em, as the decreasing of dielectric constant caused a reduction of the electrostatic

attractions between macroion and counterions.

Also, we study the effect of the dielectric constant of macroion, the surface charge density of
macroion and counterions, and the size of counterions on EDL characteristics, the three systems
are used in this study were shown in Table 2.2, by applying Monty Carlo simulations. For all those
systems we have run 107 (steps/ passes) before equilibration (production), and also after
equilibration, runs 107(steps/ passes), to reach the stability of energy.
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The effect of macroion charge:
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Figure. 3.7. counterion number density p(r)/pavg @s a function of the scaled radial distance r/RM from the
center of the macroion for System | (red) (10:1), System Il (black) (80:1), System IlI (green) (80:2), fig (a)
when the radius of counterion =zero and fig (b) when the radius of counterion =2, where the dielectric

constant of the macroions and the surrounding solvent are equal enm= &:=78.4

Generally, in figure3.7 shows that the accumulation of the counterions near the macroion
increases, when increasing surface charge density for the macroion and the counterions, because
of the increase in the electrostatic attractive between macroion and counterion interaction, and the
maximal density appears at contact r = Rm. but a shift in the maxima to the left as figure 3.6 and a
decrease in the size of the counterion (radius of counterions) was increasing the electrostatic

interaction between macroion and counterions at a closer approach between them.

The electrostatic coupling parameter (depends on the valance of macroion Q), where the
counterion distributions deviate only moderately from a uniform distribution, which originates
from the electrostatic coupling parameter is comparably small as in System I. The distribution of
the counterions becomes much more nonuniform in Systems Il and 111, respectively. this result is

in agreement with what was obtained by (Leo Lue and Per Linse, 2014).
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Figure 3.8: Normalized counterion number density p(r)/pavg as a function of the scaled radial distance

(r/Rm -1)from the center of the macroion for (a) System I ,(b) system II ,(c) system III , with em = &

(black)=78.4 and em = 1 (red), at counterion radius=2.
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Figure 3.9: Normalized counterion number density p(r)/pavg as a function of the scaled radial distance
(r/Rm -1) from the center of the macroion for (a) System I, (b) system II, (¢) system III, with gm = &
(black)=78.4 and e, = 1 (red), at counterion radius=zero.

According to figure3.8 and 3.9 show that the accumulation of the counterions near the macroion

at the different radius and dielectric constant of the macroion.

The accumulations increase when the increasing macroion of a dielectric constant because the low

dielectric constant leads to displacement of the counterions away from the macroion.

Table 3.5: (a) The values of maximum number density, at em (78.4, and 1), when the radius of

counter ions (2, and zero).
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System Zm: Zc em=78.4 em=1
Rc=zero Rc=2 Rc=zero | Rc=2
System | 10:1 7 5.69 4 4.6
System 11 80:1 224 157 144 171
System |11 80:2 868 646 483 689

Table 3.5 shows that the value of maximum number density When the macroion surface charge
density increases then the accumulations around macroions also at the valence of the counterions
increase, the accumulations increase because of increase of the electrostatic attractive between
macroion and counterion interaction, this result is in agreement with what obtained by (Leo Lue
and Per Linse, 2014)

Also, show a shift in the maxima to the left (the distance between macroion and counterions (r)
decreases) at decreasing the size of the counterion (radius of counterions) where increasing the
electrostatic interaction between macroion and counterions at closer approach between them. The
agreement of this results with what was obtained by (Mirfit, Mai, and Khawla, 2013).

Pir)
Pir)

r{A) (A)

Figure. 3.10. The integrate number P (r ) as a function of r, for System | (red) (10:1), System Il (black)
(80:1), System 111 (green) (80:2), when radius of counterion =zero (dotted curves) and radius of counterion
=2 (solid curves), where, (a) en= 1, and &=78.4, and (b) em= €=78.4 .

In figure.3.10, P(r) atr = 24 A, it shows that the integrated charge number increases by decreasing
radius of counterion (decrease in the size), due to increasing the electrostatic interaction between

40



macroion and counterions at closer approach between them, also shows the increasing when
counterions valence increase, because increase electrostatic interactions between macroion and

counterions.

Table 3.6 The values of P(r) at r=24 A, when the radius of counterion changes from zero to 2, at

two macroion dielectric constant (78.4, and 1).

| (a) em= €5 =78.4 | (b)em=1and & =784

System Zm: Zc P(r) at P(r) at P(r) at P(r) at

Rc=zero Rc=2 Rc=zero Rc=2

System | 10:1 -9 -9.5 -9.67 -9.77
System 11 80:1 -30 -46 -36 -47
System 111 80:2 -8 -19 -16 -23

From table 3.6 (a) and (b) clearly show that when deto creasing dielectric constant of macroion
The integrated charge number increases by increasing the dielectric constant of macroion the value
of P(r) decrease, due to low- macroion dielectric constant that leads to a displacement of the
counterions away from the macroion. the integrated number also increases by increasing the charge
of counterions, but increases by decreasing macroion charge because decrease the surface charge

density of macroion.

at 78.4 dielectric constants of macroion, we can compare for 10:1, 80:1, and 60:1 systems when
Rc =2, at the same conditions the greatest integrated charge number of counterions establishes for
this systems it that have the lowest macroion charge Zwm (surface charge density of macroions),
means that at Zm =10 it shows the highest integrate number, then 60 and 80 respectively, as shown

in figure 3.10
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Figure. 3.11. The integrate number P (r) as a function of r, for different valance of macroion (10:1) (red),

(60:1) (blue) ,and (80:2) (black), when radius of counterion =2 and en= €=78.4 .

And we can compare between 80:1, and 80:2, according to table 3.6 when increasing the charge
of counterions Zc (small number of counterions), the integrated number increases, it also shows
the increases of the integrate number with the highest dielectric constant at 78.4. The result is in

agreement with (Leo Lue and Per Linse, 2014) simulations results.
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Figure 3.12: Electrostatic potential of EDL ¢(r) as a function of r, for System | (red) (10:1), System I
(black) (80:1), System 111 (green) (80:2), when radius of counterion =zero (dotted curves) and radius

of counterion =2 (solid curves), where, (a) en= 1, and &=78.4, and (b) en= &=78.4 .
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According to figure 3.12 when the radius of counterions equals zero, the electrostatic potential is
increased, due to increasing the electrostatic interaction between macroion and counterions at
closer approach between them, also the increasing it shows when counterions valence increase,

also because increase electrostatic interactions between macroion and counterions.

In figure 3.12 the magnitude of the negatively electrostatic potential is diminished gradually near
the surface of the macroion by decreasing the radius of counterions.

Table 3.7: The values of surface electrostatic potential (¢), at =20 A.

Surface potential (¢s), at r=20 A (a)em=¢&=78.4 (b) em=1 and & =78.4
System Q:q Rc=zero Rc=2 Rc=zero Rc=2
System | 10:1 -53 -54 -54 -55
System 11 80:1 -169 -221 -184 -239
System 111 80:2 -67 -129 -115 -156

Table 3.8: The values of zeta potential (¢ ), at r=24 A.

Zeta potential (¢), at 24 A (a) em=gs=78.4 (b) em=1 and & =78.4
System Q:q Rc=zero Rc=2 Rc=zero Rc=2
System | 10:1 -38 -39 -39 -40
System 11 80:1 -94 -116 -95 -132
System 111 80:2 -27 -36 -36 -59
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Figure 3.13: The surface potential of the macroion as a function of the radius of counterions, (a) at
macroions dielectric constant =78.1, and (b) at macroions dielectric constant =1.
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Figure 3.14: Zeta potential of EDL of macroion as a function of the radius of counterions, (a) at macroions

dielectric constant =78.1, and (b) at macroions dielectric constant =1.

Figure 3.13. (a), and (b) show the surface potential of macroion as a function of the radius of
counterions, from figure 3.12. (a), and (b) the absolute values of surface potentials decrease
linearly with increasing radius of counterions (increase size of counterions), also from table 3.7

show that increase the surface potential, when macroion dielectric constant increases.

From figure 3.14. (a), and (b) it is clear that the value of zeta potentials decreases in linear relation
as the radius of counterions increases. Mean that the maximum value of the potential is reached at
the small size of counterions (Rc=zero), but table 3.8 shows that when increasing macroions

dielectric constant increases the value of zeta potential.

Also, we can compare at 78.4 dielectric constant of macroion, at Zm = -10,- 60, and -80 the values
of the surface potential (¢s), are about -54 mv, -210 mv, and -221 mv, respectively, while the
values of zeta potential (§) are -39 mv, -118 mv, and -116 mv. That means at Zm = -10 show the
highest value of zeta and surface potential, 60 and 80 respectively, because decreasing the surface

charge density of macroion.
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3.2 Systems with salt:

The concentration of salt is determined by the ratio of the counterion charge to the charge of the

macroion, which may be determined using equation 2.10:

The solution will be ionized and changed into two oppositely charged ions, counterions positive

charge and coions (anions) negative charge, after adding salt to it.

The effect of adding salt to the electrolyte solution on the EDL characteristics created after adding
multivalent salt at different concentrations (8 =0.3,1, 3, and 4) has been studied for the 60:1 system

for the central charge distribution spherical cell.
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RDF

Figure 4.1: RDFs between macroion and the counterions as a function of r, monovalent salt, at indicated 8
values (0.3, 1, 3, 4), when (a) em =500, (b) em =78.4, and (c) &m =2.

According to figure 4.1 shows the radial distribution of monovalent counterions (1:1) around the
macroion, these results show that the accumulation of monovalent counterions decreases with the

increase of salt concentration.
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Figure 4.2 RDFs between macroion and the counterions as a function of r, trivalent salt, at indicated 3

values, when (a) em =500, (b) em =78.4, and (c¢) &m =2.

Figure 4.2 shows the distribution of trivalent counterions (3:1) around the macroion, these results
showed that as the salt concentration increased, the accumulation of trivalent counterions around
the macroion decreased. However, when gm =78.4, the macroion becomes overcharged and their
apparent charge has the opposite sign, the counterions expel the multivalent counterions and take

their place
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Figure 4.3: RDFs between macroion and the counterions as a function of r, pentavalent salt, at indicated 3

values, when (a) em =500, (b) em =78.4, and (c¢) &m =2.

The distribution of pentavalent counterions (5:1) around the macroion is shown in figure 4.3. These
results show that as the salt concentration increases, the accumulation of pentavalent counterions
around the macroion decreases. However, at high concentrations with = 3 and 4, the macroion
becomes overcharged and their apparent charge has the opposite sign, resulting in the ion’s

correlation with macroion being reversed.
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Figure 4.4: RDFs between macroion and cations as a function of r, monovalent salt, at indicated B values,

when (a) em =500, (b) em =78.4, and (¢) em =2.
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Figure 4.5 RDFs between macroion and cations as a function of r, trivalent salt, at indicated B values, when

(@) em =500, (b) em =78.4, and (c) em =2.
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Figure 4.6: RDFs between macroion and cations as a function of r, pentavalent salt, at indicated 3 values

(0.3, 1, 3,and 4) , when (a) em =500, (b) em =78.4, and (c) em =2.
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In figures 4.4, 4.5, and 4.6, monovalent, trivalent, and pentavalent salts respectively, show the
radial distribution of multivalent salt cation near the macroion, and it is clear that when the salt
concentration increases the cation number decreases. Also, we observe that for the lowest dielectric
constant the monovalent, trivalent, and pentavalent counterions show a strong repulsive interaction
with the macroions, where the dielectric properties of the macroion and water are kept the same (
absence of polarization effects), the contact value of both ionic species increases in comparison to
that of the previous case. As cations are the counterions of the negative macroion, they are
preferentially adsorbed because of electrostatic interactions. For the material with the highest

dielectric constant, the adsorption of both ionic species is further enhanced.
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Figure 4.7 RDFs between macroion and anions as a function of r, monovalent salt, at indicated B values

(0.3, 1, 3, and 4), when (a) em =500, (b) em =78.4, and (c) em =2.

Figure 4.7 shows that as salt concentration decreases, the radial distribution between macroion and
anion decreases due to multivalent counterions adsorption on the stern layer. However, at high
concentrations, such as = 3 and 4, the macroion becomes overcharged and their apparent charge
has the opposite sign, causing the ion’s correlation with macroion to change, and the coions expel

the multivalent counterions.
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Figure 4.8: RDFs between macroion and anions as a function of r, trivalent salt, at indicated 3 values, when
(@) em =500, (b) em =78.4, and (c) em =2.

Figure 4.8 shows that as salt concentration decreases, the radial distribution between macroion and
anion decreases due to multivalent counterions adsorption on the stern layer, but in figure (c),
when em =2, macroions become overcharged and their apparent charge has the opposite sign,

causing the ions correlation with macroion to change, and the coions to expel.
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Figure 4.9: RDFs between macroion and anions as a function of r, pentavalent salt, at indicated 3 values,

when (a) em =500, (b) em =78.4, and (¢) em =2.

In figure 4.9 shows that when decrease salt concentration the radial distribution between macroion
and anion decreases because of multivalent counterions adsorption on the stern layer, but at high
concentration at 3 = 3 and 4 the macroion become overcharged and their apparent charge has the
opposite sign, so the ions correlation with macroion change, the coions expel the multivalent
counterions and take their place. This can be explained qualitatively by this behavior in terms of
the self-energy of one point charge immersed in a medium that has a different dielectric constant

than the surrounding.
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The self-energy of a charged point particle in these conditions is given by

Em —& et Z?

Ugelr = —
self Em + & AMENEs X

where X is the perpendicular distance from the dielectric discontinuity to the position of a point
charge of valence Z (or charge Zeo), &s the dielectric constant of the medium in which the charged

particle is located, and em the macroion dielectric constant.

As a result, the ionic self-energy is positive if em < &. This can be associated with a repulsive
interaction between the charged particle and the dielectric interface. On the contrary, if em > &s,
then the ionic self-energy is negative and the interaction between the charged particle and the
dielectric interface becomes attractive.

Quantitatively, enhanced these are effects when the interactions with the images of other charges
due to the spherical dielectric. However also observe that the magnitude of the self-energy of a
charged point particle grows as the square of its valence of counterions. Thus, the behavior
observed in the case of monovalent ions then trivalent should be exacerbated for the pentavalent

cations.
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. Macroion o  Counterions e (Cations * Anions

Figure 4.10: Examples of distribution of counterions and the ions that come from the salt around macroion
surface for (B = 1, 60 cations and 60 anions), inside the spherical cell, monovalent salt, when: a) em = 2, b)
em = 78.4, and ¢) € = 500.

Figures 4.10 displays the distribution of counterions around macroion in presence of monovalent
salt ions (cations and anions) around surface of macroion inside spherical cell, at indicated values
of em and B, it is pure that the accumulation of counterions near macroion surface increases rapidly

when em increases at the same . The number of cations and anions increases when [} increases.
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Figure 4.11: Examples of distribution of counterions and the ions come from the salt around macroion
surface for (p = 1, 20 cations and 60 anions), inside the spherical cell, trivalent salt, when: a) em = 2, b) &m
=178.4, and c) € = 500.

Figures 4.11 displays the distribution of counterions around macroion in presence of trivalent salt
ions (cations and anions) around surface of macroion inside spherical cell, at indicated values of
em and f, it is pure that the accumulation of counterions near macroion surface increases rapidly

when em increases at the same . The number of cations and anions increases when [} increases.
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Figure 4.12: Examples of distribution of counterions and the ions come from the salt around macroion
surface for (B =1, 12 cations and 60 anions), inside the spherical cell, pentavalent salt, when: a) em = 2, b)
em=78.4, and ¢) € = 500.

Figures 4.12 displays the distribution of counterions around macroion in presence of pentavalent
salt ions (cations and anions) around surface of macroion inside spherical cell, at indicated values
of em and P, it is pure that the accumulation of counterions near macroion surface increases rapidly

when &n increases at the same . The number of cations and anions increases when 3 increases.
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Figure 4.13: Integrated charge number at r from the center of the macroion, with monovalent salt

at indicated values of macroions dielectric constant, when: a) B=0.3,b) B=1,c) =3, and d) B
=4,

Figure 4.13. Shows that when we add salt concentration at monovalent salt, when increase
macroion dielectric constant increase the integrated number, and the charge inversion do not occur
at all B concentrations, also it clear show integrate number P( r) increase when increase [, because

an increasing number of cation and anions.

At the last two values of f3, the total charge increases and reaches zero only at the cell boundary,

in all the macroions dielectric constant the charge shows a sharp drop to zero within an extended
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area almost between 80 A < r <100 A, and 70 A <r < 100A, when B =3, and 4 respectively. That

means it is close to zero between these values of r.
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Figure 4.14: Integrated charge number at r from the center of the macroion, with trivalent salt at
indicated values of macroions dielectric constant, when: a) f=0.3,b)=1,¢c)=3,andd) =
4,

Figure 4.14 shows the integrated charge number, in presence of trivalent salt at different macroions
dielectric constant values, From figure 4.14 the integrated charge number in case of adding

trivalent salt increase by increasing the dielectric constant of macroions,
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Charge inversion does not happen at 24A, in all B values but, occurs when r is higher than 24.5,
and the first two values of B = 0.3 and 1 in all macroions dielectric constant, the charge inversion
does not happen. But in the case of p = 3, and 4 the charge inversion occurs at all macroions
dielectric constant.

Figure 4.14. it clear shows Integrate number P( r) increases when the increase 3, because of the
increasing number of ions around the macroion, so the increasing ions quantity do the sign
inversion of charge change from negative to positive which means the macroion is overcharged

that accumulate around macroion surface.

At the last two values of B, the total charge decays monotonically and reaches zero only at the cell
boundary, in all the macroions dielectric constant the charge shows a sharp drop to zero within an
extended area almost between 50 A < r <80 A. That means it is close to zero between these values

of r, then the accumulated charge number starts to increase gradually when 80 A <r < 98A.

Atr=98.5 A it back to zero up to the spherical cell boundary, close to the cell boundary, the cation
charge (+3) which originates from repulsion between the charge inverted macroions (from

negative to positive) and cations. As the results in the article of (Lobaskin and Qamhieh, 2003).
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Figure 4.15: Integrated charge number at r from the center of the macroion, with pentavalent salt

at indicated values of macroions dielectric constant, when: a) f=0.3,b) f=1,c) f =3, and d)
=4,

Figure 4.15. it clear shows integrate number P( r) increase when increase 8, and shows increase
P(r ) when increasing the em value of macroions, and shows the effect of adding pentavalent salt
on the integrated charge of the macroion within a distance of r inside the spherical cell and the

happening of charge inversion.

Charge inversion does not occur at the first two values of f = 0.3 and 1 at all values of macroions

dielectric constant. As in monovalent, and trivalent salt. But when f increased to 3, the sign of the
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charge is changing from negative to positive that means the macroion is overcharged and charge
inversion occurred in this case, charge inversion occurs at all macroions dielectric constant, at r =
24A, when B=3, P(r) = 16, 16.2, and 16.8. when em = 2, 78.4, and 500, respectively (From table
4.1).

At the last two values of B, the total charge decays monotonically and reaches zero only at the cell
boundary, in all the macroions dielectric constant the charge shows a sharp drop to zero within an
extended area almost between 60 A < r <80 A. That means it is close to zero between these values

of r, then the accumulated charge number starts to increase gradually when 80 A <r < 98A.

Atr=98.5 A it back to zero up to the spherical cell boundary, close to the cell boundary, the cation
charge (+5) which originates from repulsion between the charge inverted macroions (from
negative to positive) and cations. As the results in the article of (Lobaskin and Qamhieh, 2003) at

macroion dielectric constant =78.4.
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Figure 4.16: Electrostatic potential of EDL ¢(r),with monovalent salt at indicated values of macroions
dielectric constant, when: a) B=0.3,b)f=1,¢c)p=3,and d) f =4.

Figure 4.16 represents the electrostatic potential of the macroion EDL for the systems at different
concentrations of monovalent salt. From Figure 4.16 we can see that the absolute values of
electrostatic potentials of the systems decrease by increasing the value of P, the value of
electrostatic potential @(r) keeping as a negative value at all  values, and the charge inversion of
the macroion charge does not occur at all cases, and increase when increase macroions dielectric

constant.
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Figure 4.17: Electrostatic potential of EDL ¢(r),with trivalent salt at indicated values of macroions
dielectric constant, when: a) B=0.3,b)f=1,¢c)p=3,and d) f =4.

Figure 4.17 shows that the electrostatic potential of the macroion EDL for the systems at different
concentrations of trivalent salt. From Figure 4.17 we can see that the absolute values of
electrostatic potentials of the systems decrease by increasing the value of 3, keeping the value of
electrostatic potential ¢(r) as a negative one, while the value becomes positive for § > 1, which
reflect the charge inversion of the macroion charge, and increase when increase macroions

dielectric constant.
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Figure 4.18: Electrostatic potential of EDL ¢(r), with pentavalent salt at indicated values of macroions
dielectric constant, when: a) B=0.3,b)f=1,c)=3,and d) f=4.

Figure 4.18 represents the electrostatic potential of the macroion EDL for the systems at different
concentrations of pentavalent salt. From Figure 4.18 we can see that the absolute values of
electrostatic potentials of the systems decrease by increasing the value of B, keeping the value of
electrostatic potential ¢(r) as a negative one, while the value becomes positive for § > 1, which
reflect the charge inversion of the macroion charge, and increase when increase macroions

dielectric constant.
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Table 4.2 Zeta potential 3(mv) at r=24 A for system 60:1, with different electrolyte at p = 0, 0.3,

1, 3, and 4, at different macroion dielectric constant.

Electrolyte valence B o(mv)atr=24 A
8m:2 8m:78.4 8m:500

1:1 0 -123 -118 -109
0.3 -103 -102 -99

1 -88 -87 -86

3 -68 -67 -66

4 -61 -65 -59
3:1 0 -123 -118 -109
0.3 -85 -84 -82

1 -11 -9 -10

3 11 11 10

4 12 14 14
5:1 0 -123 -118 -109
0.3 -87 -88 -88

1 2 1.4 -0.2

3 43 45 43

4 41 41 43
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Figure 4.19: The electrostatic potential (zeta potential) d(mv ) at indicated values of B as a function of
macroion’s dielectric constant for the 60:1 system. , at different salt concentrations, a) 1:1, b) 3:1and c) 5:1

electrolyte.

The charge inversion of the macroion is clear also in Figure 4.19, which represents the electrostatic
potential of the macroion EDL for the 60:1systems with different concentrations of 1:1,3:1, and
5:1 salt. From Figure 4.19 we can see that the absolute values of zeta potentials of the systems
decrease by increasing the value of salt concentrations, keeping the value of electrostatic potential
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as a negative for monovalent salt (as figure 4.19 a), while the value of electrostatic potential
becomes positive for trivalent and pentavalent salt the valence of cations (counterions) increases
(as figure 4.19 b, and c), when the salt concentration increase (f increase), a sign inversion of the

electrostatic occurs at high concentrations for the macroions with the highest dielectric constant.
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Figure 4.20: The ratio of effective macroion charge Zesto Zw as a function of B at indicated values of the

salt valance, with a) 2, b) 78.4, and c) 500 macroion dielectric constant.
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Figure 4.20 shows the ratio of effective macroion charge Zess to Zwm as a function of p in presence
of monovalent, trivalent, and pentavalent salt, at different values of macroion dielectric constant.
It is clear that the effective charge of macroion decreases by values from positive to negative
gradually until reaches zero at  =(0 to 1), and decreases values when increasing salt valance.

At pentavalent salt for all macroions dielectric constant, when [ is greater than 1, the effective
macroion charge Zes starts to increase in the negative region at all em, which means that charge

inversion occurs strongly in this case.

ZerilZ\ starts from about 0.35 for all the systems and all dielectric constant of macroions, at low
added salt, and then decreases orderly. The effective charge changes its sign for pentavalent salts,
at all macroion dielectric constant. While Vladimir’s results at dielectric constant 78.4 Zefi/Zm
starts from about 0.3 for all the systems at low added salt, and also decrease orderly, these results
when compare with Vladimir’s results have been close to each other at the same conditions, but
the slight difference is due to change in the input file.

The effective charge slow dependence on salt content is due to a logarithmical increase in
counterion entropy with counterion number density. For dilute and deionized systems, where the
effective charge is far from its saturated value, the drop in effective charge with salt concentration,
for B <1, is typical. The ionic double layer saturates at increasing monovalent salt concentrations,
B > 1, and Zer/Zm begins to rise with salt concentration toward unity. Due to the failure of the
inflection point criterion in this location, we were unable to notice this upturn. See the reference
(Vladimir and Khawla, 2003) for further information.

Also due to figure 4.8 we can see at low macroion dielectric constant, the Zes/Zm is that higher
value than high macroion dielectric constant, because the absolute value of Zes increase at low

macroion dielectric constant while Zy is constant -60
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Figure 4.21: Reduced electrostatic energy as a function of B, at different salts monovalent salt, trivalent salt,

and pentavalent salt at macroions dielectric constant (a) 2, (b) 78.4, and (c) 500, respectively.

Figure 4.21 shows the numerical results from the thermodynamic properties of the multivalent
electrolytes as a function of the salt concentration. we plotted the reduced electrostatic energy of
the solution U/NKgT, where N is the total number of the ionic species, Kg is the Boltzmann

constant.

Because of the strong attraction between the macroions and counterions, the total potential energy
IS negative for monovalent, trivalent, and pentavalent salts and at all concentrations, but its values

fall as the salt content increases due to the increased number of particles. The inflection point was
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found to be at p = 0.3. All of the curves have similar forms with variable curvatures, with a
practically constant motion from p = 0 to 0.3 on each curve, then gradually increasing in the

negative area for all values of f3.
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Chapter Four

Conclusion and Future Work
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Chapter Four

Conclusions and Future Work

The study focuses on the effect of macroions dielectric constant on macroions charge inversion
and electric double layer properties, specifically changing macroions dielectric constant, by
changing the radius of counterions (size of counterions), changing models of systems (macroion
charges), and the concentration of multivalent salt, monovalent (1:1), trivalent (3:1), and
pentavalent (5:1).

When the dielectric constant of a macroion grows, and the size of counterions decreases, the
concentration of counterions around the macroion surface increases in non-salt fluids. In the case
of increased macroion concentrations, the electrostatic contact between the macroion and the
counterions becomes stronger. Because a low macroion dielectric constant causes counterions to
move away from the macroion, the attraction between macroions and counterions is reduced.
Furthermore, reducing the size of counterions leads to the accumulation maxima moving to the
left (the distance between macroion and counterions (r ) decreases), increasing the values of these
maxima. This is explained by the increased electrostatic contact between macroions and

counterions as they got closer together.

When the macroion dielectric constant is increased in solutions with monovalent, trivalent, and
pentavalent salts, the concentration of counterions around the macroion surface increases, also at
the same macroion dielectric constant accumulation increases when the salt valence increases

generally.

Accumulation of salt cations around the macroion surface grows at the same rate as the macroion
dielectric constant increases, and increases when the macroion dielectric constant increases.
Furthermore, as em grows, RDFs between macroion and salt anions become higher, and the

maximal concentration of anions around the macroion becomes closer to the surface.

When the dielectric constant of macroions increases, the zeta potential and surface potential of the
system without salt increase linearly (in negative values), When the radius of the counterion

decreases and the dielectric constant of macroions is increased.
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Finally for systems with salt, when increasing the concentration of ions [, zeta potential starts to
be positive at p =1 with trivalent and pentavalent salts which means that charge inversion occurs

in these cases. Whereas the surfaace potential remains negative at all values of f and salt valence.
Future works:

We predict that additional results could be acquired in the future to study different properties of
EDL structure as we can change the dielectric constant of macroions and dielectric constant of
surrounding (solutions) by using other conditions such as change temperature, and by adding
different types of salt at different concentrations. Also, we can change the size of the counterion,

the radius of macroion, and the radius of the spherical cell.
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