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Abstract: Zeta potential refers to the electrokinetic potential present in colloidal systems, exerting significant 

influence on the diverse properties of nano-drug delivery systems. The impact of dielectric constant on the zeta 

potential and charge inversion of highly charged colloidal particles, immersed in a variety of solvents spanning 

from polar, such as water, to nonpolar solvents, and in the presence of multivalent salts, was investigated 

through primitive model Monte Carlo (MC) simulations. Zeta potential 𝜉  is decreased as decreasing the 

dielectric constant of the solvent, and upon further increase in the salinity and the valency of the salt. At 

elevated levels of salt, the colloidal particles become overcharged, in all solvents. As a result, their apparent 

charge becomes opposite in sign to the stoichiometric charge. This reversal of charge intensifies until reaching 

a saturation point with further increase in salinity, as a result, their apparent charge becomes opposite in sign 

to the stoichiometric charge. This reversal of charge intensifies until reaching a saturation point with further 

increase in salinity. 
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1. Introduction 

Charged colloids dispersed in solution are prevalent in both biological and technical systems. 

Examples include proteins, micelles, microemulsions, latex particles based on polystyrene, and silica 

particles. Physiochemical properties of these systems are controlled to a large degree by electrostatic 

interactions [1]. In an electrolyte solution, a charged colloidal particle is typically surrounded by 

small ions of opposite charge, known as counterions, which serve to balance the surface charge. The 

charged surface of the colloidal particle, along with the surrounding diffuse layer of ions, is 

commonly referred to as the electric double layer (EDL). This EDL plays a fundamental role in the 

stability and coagulation of dispersed systems, as described by DLVO theory [2,3]. EDL could have 

different geometry such as planar [4], cylindrical [1], spherical [5], and ellipsoidal [6] depending on 

the charged surface geometry. Due to its widespread presence in both natural and technological 

realms, this phenomenon has garnered significant attention from the scientific community. It 

encompasses a wide range of engineering applications including colloid stability, energy conversion, 

desalination, separation processes, nanofabrication, nanofluidic devices, and ion transport across 

membranes [7-9]. 

The electrostatic correlations among ions within the electric double layer (EDL) can give rise to 

a range of intriguing phenomena in systems containing multivalent ions. These may include 

phenomena such as charge inversion or short-range attraction between macroions of like charge. 

These correlations have been neglected in the DLVO theory through applying the mean field 

approaches [1,5,10-13]. 

Computer simulations and theoretical investigations have demonstrated that correlation-

induced attraction or charge inversion can serve as a driving force for the aggregation of colloidal 

particles, even in the presence of small multivalent ions [14-17]. The universality of the implicit 

phenomena is understood to stem from the significant energetic contribution of Coulombic 

interactions to the free energy, which surpasses that of entropy and renders the system relatively 

insensitive to the internal structure of the counterions [16,18,19]. Martin-Molina and colleagues 
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investigated the charge inversion of colloids in electrolyte mixtures comprising both multi- and 

monovalent counterions [20]. They demonstrate that incorporating short-term correlations between 

ions into the study of ion distribution yields markedly different results from classical treatments. In 

their study, charge inversion was observed in the presence of an electrolyte mixture containing both 

multi- and monovalent counterions. EDL properties can be affected by many factors, for examples 

are the excluded volume of small ions [21,22], and the asymmetry in electrolyte valence [23] . Schwer 

and Kenndler conducted experimental research on the impact of solvent composition’s dielectric 

constant on electroosmotic flow in fused-silica capillaries. They concluded that, except for acetone-

water mixtures, increasing the fraction of organic solvent in water led to a decrease in Zeta potential 

[24]. 

In our investigation, we utilized Monte Carlo (MC) simulations to explore the properties of 

spherical electric double layers (EDLs) surrounding highly charged colloidal particles immersed in 

various solvents, ranging from polar solvents like water to nonpolar ones. Our aim was to examine 

the influence of dielectric constant on the zeta potential and charge inversion of colloidal particles in 

the presence of multivalent salts, including trivalent and pentavalent ions. The study of spherical 

EDLs is particularly pertinent due to their significance in dispersions of globular proteins, micelles, 

polymer beads, dendrimers, and other closely spherical organic or inorganic macroions [23]. The 

structure of the article is outlined as follows: Section 2 provides details on the model and parameters 

settings used for the numerical calculations. Section 3 presents the results and discussion derived 

from the simulations conducted. The conclusions are outlined in the fourth section. 

2. Model and Method 

2.1. Model 

The macroion is represented as a hard sphere of radius RM = 20 Å, and has a charge of valence 

ZM = -60, impeded at the center of spherical cell of radius 100 Å, including asymmetric electrolytes 

described within the scope of the primitive model, whereas the solvent enters the model by its 

dielectric constant 𝜖𝑟. The dielectric constants and the corresponding Bjerrum lengths for the solvents used 

in our study are shown in Table 1. The electrolyte also contains small ions of radius RI = 2 Å, and charge 

valence ZI = +1, representing the counterions, while the solvents enter by its dielectric constant. The added 

salt consists of small ions of radius 2 Å, monovalent anions Za = -1 and cations of different valencies, 

trivalent ones Zc = +3, and pentavalent cations Zc = +5. The amount of added salt is characterized by the ratio 

of the total added cation charge to the total macroion charge, 𝛽 =  𝑍𝑐 𝜌𝑐/(𝑍𝑀 𝜌𝑀), where ρc is the number 

density of the corresponding species. In the study many values of β between  0.15 to 8 are used. The systems 

are considered at a macroion number density,  𝜌𝑀 = 2.5 ∗ 10−7 Å−3 related to a macroion volume fraction 

 ∅𝑀 = 0.008 , keeping the temperature constant at 𝑇 = 298 K.  In our model the electrostatic interaction 

between the particles is pairwise additive, and for pair ij it is given by 

𝑈𝑖𝑗(𝑟) = {

∞, 𝑟𝑖𝑗 < (𝑅𝑖 + 𝑅𝑗)

𝑍𝑖𝑍𝑗𝑒2

4𝜋𝜀0𝜀𝑟

1

𝑟𝑖𝑗
, 𝑟𝑖𝑗 ≥ (𝑅𝑖 + 𝑅𝑗)

 𝑒𝑞. 1 

where i and j denote either polyion or counterion. The intensity of the electrostatic correlations 

between counterions on the surface can be characterized by the counterion-counterion coupling 

parameter 𝛤 = 𝑍𝐼
2𝑙𝑏/𝑎𝑍  and can be increased by lowering the solvent dielectric constant, 𝑙𝑏 =

𝑒2/4𝜋𝜀0𝜀𝑟𝑘𝐵𝑇 is the Bjerrum length, where e is the elementary charge, 𝑘𝐵 is Boltzman constant, and 

T is the temperature in kelvin, and 𝑎𝑍 = [𝑍𝐼/(𝜎/𝑒)]1/2  is the average distance between two 

neighboring counterions on a surface has 𝜎  surface charge density, and it is known that the 

correlation-induced attraction appears at 𝛤 > 𝛤∗ ≈ 2 [13,25]. The dielectric constants, the Bjerrum 

lengths for the solvents used in our study and the corresponding Coulomb coupling parameters (Γ) 

between monovalent, trivalent, and pentavalent counterions on the charged surface in all solvents 

are shown in Table 1, which illustrates increment in the counterion-counterion coupling parameter 

𝛤, meaning an increment in the intensity of the electrostatic correlations between counterions on the 
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surface of the macroion, as the valence of the counterion is increased, and the dielectric constant of 

the solvent 𝜀𝑟 is decreased.  

Table 1. Dielectric constants 𝜀, Bjerrum lengths for the solvents used, and the corresponding Counterion 

- counterion coupling parameter (𝛤) between the monovalent, trivalent, and pentavalent counterions 

on the charged surface in all solvents used in our study. 

The solvent Water 
(75%water, 25% 

ethanol) 
Methyl alcohol Glycerin Methanol Ethanol 

Dielecrtiric 

constant (𝜀) 
78 68 54 40 30 20 

𝑙𝐵 (Å) 7.1 8.2 10.4 14.0 18.7 28.0 

𝛤1 0.8 0.9 1.1 1.5 2.0 3.0 

𝛤3 4.1 4.7 5.7 
7.8 

 
10.4 15.6 

𝛤5 8.9 10.1 12.3 16.8 22.4 33.5 

2.2. Method and Simulation Settings 

In our study, Monte Carlo (MC) simulation method was applied and employed the canonical 

NVT ensemble with periodic boundary conditions and the Ewald summation for treating the 

electrostatic interactions. We performed 106 MC moves per particles in the production run, while for 

systems at β = 6.25 we performed up to 105 moves. The macroion is fixed at the center of a spherical 

cell, while the small ions were initially placed randomly inside it. The simulation software MOLSIM 

v3.1, developed by Per Linse and colleagues, was utilized in this study. Additional information 

regarding the simulation methodology can be found in reference [26]. 

3. Results and Discussion 

3.1. Systems Without Salts: 

Figure 1 illustrates the macroion-counterion radial distribution functions (rdf’s), describing the 

relative densities of counterions at a distance r from the macroion for the 60:1 system in different 

solvents, with different dielectric constants as in Table 1. The horizontal dotted line exemplifies 

systems of uncorrelated particles. The figure shows a maxima at the hard sphere contact separation 

r = RM + RI = 22 Å for the macroion-counterion rdf’s curves demonstrating the accumulation of the counterions 

close to the macroion. At ε = 20, where 𝛤 = 3,  the value of the maximum is 505 and decreases 

monotonically as the dielectric constant of the solvent is increased and gives a value of 120 at ε = 78 

where 𝛤 = 0.8, meaning the maximum is decreased as the electrostatic intensity is decreased. 
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Figure 1. Macroion-counterion radial distribution functions for 60:1 system, at indicated values of the 

dielectric constants 𝜀. The arrows point on the values at 𝑟 = 𝑅𝑀 + 𝑅𝐼 = 22 Å. The dotted horizontal 

line represents at 𝑔𝑀𝐼 corresponds to uncorrelated particles in the systems. 

The accumulated running charge 𝑍𝑎𝑐𝑐(r), within a distance r from the center of the macroion, is 

an important quantity that follows directly from the macroion-ion radial distribution function 𝑔𝑀𝐼  

according to  

𝑍𝑎𝑐𝑐(𝑟) = 𝑍𝑀 + ∫ ∑[𝑍𝑖𝜌𝑖𝑔𝑀𝑖(𝑟′)]4𝜋𝑟′2𝑑𝑟′
∞

𝑟

 𝑒𝑞. 2  

where 𝜌𝑖 is the uniform number density of the corresponding species. The accumulated running 

charge can be used to calculate the mean electrostatic potential at a distance r from the center of the 

macroion, where  

φ(r) = ∫ 𝑑𝑟′𝐸(𝑟′)
∞

𝑟

=
𝑒

4𝜋𝜀′
∫ 𝑑𝑟′ 

𝑍𝑎𝑐𝑐(𝑟′)

𝑟`2
 𝑒𝑞. 3

∞

𝑟

 

The upper cutoff in eq. 3 is taken to be 60 Å since the typical accumulated charge rabidly decays 

to zero [27]. The surface potential 𝜑𝑠 is the electric potential at the surface of the macroion i.e., 𝜑𝑠 =

𝜑(𝑅𝑀), while the zeta potential 𝜉 is identified with the diffuse potential at the slipping plane or 

hydrodynamic shear surrounding a particle surface and located at one ionic diameter away from the 

macroion i.e., 𝜉 = 𝜑(𝑅𝑀 + 2𝑅𝐼).  

The accumulated running charge curves are presented in Figure 3a, which shows that the total 

charge decays monotonically and reaches zero at the cell boundary in all systems, and the decay rate 

increases by changing the solvent from water as a polar solvent to nonpolar ones, means decreasing 

the dielectric constant. This can be explained by the escalation in the counterion-counterion coupling 

parameter 𝛤 as the dielectric constant of the solvent is decreased as shown in Table 1. The negative 

value of the mean electrostatic potential 𝜑(𝑟) of the macroion EDL, shown in Figure 3b, is rabidly 

decreased when the polarity of the solvent is decreased, as a consequence of decreasing the effective 

charge of the macroion 𝑍𝑀
𝑒𝑓𝑓

 by decreasing the dielectric constant as illustrated in Figure 4, where 

𝑍𝑀
𝑒𝑓𝑓

= Zacc(R+2RI). The value of 𝑍𝑀
𝑒𝑓𝑓 starts from about 0.54 𝑍𝑀 at ε = 78.4 with water solvent and 

then decreases to reach 0.07 𝑍𝑀 at the lowest dielectric constant ε = 20 
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Figure 3. a) Accumulated running charge 𝑍𝑎𝑐𝑐  (r), and b) mean electrostatic potential 𝜑(𝑟)  of the 

macroion EDL as a function of distance r from the macroion center for 60:1 system in solvents with 

the indicated dielectric constants ε. 
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Figure 4. Effective macroion charge for 60:1 system in different solvents as a function of the dielectric 

constant ε. 

Figure 5 shows that the negative values of the surface 𝜑𝑠 , and the 𝜉 potentials are linearly 

decreased by decreasing the dielectric constant. Our finding for 𝜉 potential is in good agreement 

with the experimental result concluded by Schower et al. [24], where they found that 𝜉 potential is 

decreased as the fraction of organic solvent in water is increased, i.e., decreasing the polarity of the 

solvent and consequently the dielectric constant of the solvent is decreased. 

 

Figure 5. a) Zeta potential 𝜉, and b) surface potential 𝜑𝑠 of EDL as a function of ε for 60:1 system in 

different solvents without salt. 

The decrement in 𝜉 potential is a natural result of the greater accumulation of the counterions 

around the macroion with smaller dielectric constant than it is with greater ones as it is clear in Figure 

6, which illustrates snapshots for the distribution of the counterions around the macroion for 60:1 
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system in solvents with different dielectric constants. The greater accumulation of the counterions 

around the macroion leads to a decrease in the effective charge of the macroion 𝑍𝑀
𝑒𝑓𝑓

 on which 𝜉 

potential depends. 

 

Figure 6. Counterions (green, small balls) distribution around the macroion (red large ball) for 60:1 

system in solvents with different dielectric constants, a) ε = 78, b) ε = 68, c) ε = 54, and d) ε = 40, f) ε = 

30, g) ε = 20. 

3.2. Systems with Salt 

Figure 7 shows the accumulated running charge 𝑍𝑎𝑐𝑐(r) as a function of the distance r from the 

center of the macroion for the 60:1 system in solvents with different dielectric constants at different 

3:1 salt concentration. There is a distinct qualitative difference between the systems as the salt 

concentration is increased. At low salt concentration β = 0.15, the total charge decays monotonically 

and reaches zero only at the cell boundary in all systems and the decay rate increases by decreasing 

the polarity of the solvent means the dielectric constant is decreased as shown in Figure 7a. At higher 

salt concentrations the charge shows a sharp drop to zero within a very narrow region r < 48 Å. At β 

= 1, 𝑍𝑎𝑐𝑐  (r) shown in Figure 7b remains close to zero up to the cell boundary in solvents with 

relatively high dielectric constant like water. In solvents with lower dielectric constants the charge 

changes its sign  reaches a maximum and then decays slowly, similar to what occurs for the charges 

in systems with higher salt concentration β = 6.25 shown in Figure 7c. The figure shows a maximum 

of charge equals to ≈+34 at ε = 20 and decreases monotonically as the dielectric constant of the solvent 

is increased and gives a value of ≈+7 at ε = 78. Close to the cell boundary the figure shows a build up 

in the cation charge, as a result of the repulsion between the charge inverted macroions and the 

cations. 
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Figure 7. Accumulated running charge 𝑍𝑎𝑐𝑐(r) as a function of the distance r from the macroion center 

in solvents with the indicated dielectric constants ε and salt concentration of a) β = 0.15, b) β = 1, c) β 

= 6.25. 

Figure 8 illustrates surface electrostatic potential 𝜑𝑠 , and zeta potential 𝜉 of EDL as a function 

of ε for 60:1 system in different solvents at different 3:1 and 5:1 salt concentrations as indicated in the 

figure. The decrease in the absolute values of these potentials is almost linear when ε is changed from 

20 to 78, which is a consequence of the decrease in the intensity of the electrostatic correlations 

between counterions on the surface of the macroion. 
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Figure 8. (a), (c) Surface electrostatic potential 𝜑𝑠 , and (b), (d) zeta potential 𝜉 of EDL as a function 

of ε for 60:1 system, in different solvents at different (a), (b) 3:1, and (c), (d) 5:1 salt concentrations as 

indicated in the figures. 

The values of 𝜑𝑠 and 𝜉 potentials at β = 4 is very close to those at β = 6.25, and the potentials at 

β = 0, β = 0.15, and β = 0.45 are much less negative than those at β < 1. At β = 1, 𝜉 potential is close to 

zero corresponding to neutralized macroion while its values inverted to positive with salt 

concentrations β > 1 where charge inversion occurs. The decrease in the potential by changing salt 

concentration, is largest when ε = 78, while it is smallest when ε = 20. The decrease is larger in the 

systems with 5:1 salt, where 𝜉 is changed from ≈-110 mv to ≈+45 mv at ε = 78, while it is changed 

to ≈+13 mv in the systems with 3:1 salt, means that charge inversion is larger with 5:1 salt than it is 

with 3:1 salt as the coupling parameters are larger in systems with 5:1 salt.  

In Figure 9 we plotted the reduced electrostatic energy of the solution U/N𝑘𝐵T for the 60:1 system 

once with 3:1 (Figure 9a) and another with 5:1 salt concentration (Figure 9b) in different solvents with 

different dielectric constants, where N is the total number of the ionic species. Figure 9 shows that 

the total potential energy is negative in all systems because of strong attraction between the macroion 

and counterions.  Its magnitude decreases monotonically with the salt content, which is a simple 

consequence of increasing the overall number of particles, and is more negative with 5:1 salt than 

with 3:1 salt at specific salt concentration. All the curves have similar shapes with varying curvatures. 

An inflection point is observed at about β = 1 on each curve. The decrease in the magnitude is smaller 

with 5:1 salt than with 3:1 salt. 
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Figure 9. Reduced electrostatic energy as a function of (a) 3:1 and (b) 5:1 salt concentration β, for 60:1 

system in different solvents with different dielectric constants ε as indicated in the figure. 

In Figure 9, we illustrate the reduced electrostatic energy of the solution U/N𝑘𝐵T for the 60:1 

system, once with a 3:1 salt concentration (Figure 9a) and another with a 5:1 salt concentration (Figure 

9b), in various solvents with differing dielectric constants, where N represents the total number of 

ionic species. Figure 9 demonstrates that the total potential energy is consistently negative across all 

systems due to the strong attraction between the macroion and counterions. This energy decreases 

monotonically with the salt content, reflecting the simple consequence of an increasing overall 

number of particles, and is more negative with 5:1 salt concentration compared to 3:1 salt 

concentration at specific salt concentrations. All curves exhibit similar shapes with varying 

curvatures, with an observed inflection point at approximately β = 1 on each curve. The reduction in 

magnitude is less pronounced with 5:1 salt concentration than with 3:1 salt concentration. 

4. Conclusions 

We performed a numerical investigation on electrolyte solutions with significant asymmetry, 

comprising highly charged colloidal particles in different solvents, once, without salt, and another in 

different amounts of multivalent salt. Decreasing the polarity of the solvent without salt, means 

deceasing ε, gradually lowers the effective charge, the surface potential 𝜑𝑠 , and the zeta potential of 

the colloidal particles. Addition of minute quantities of multivalent salt yields a similar effect in all 

solvents. When the dosage of multivalent salt surpasses the macroion’s isoelectric concentration, it 

induces charge inversion in the macroion. This reversed charge escalates to a saturation point with 

continued salinity increase.  

Currently, colloidal nano-carriers are undergoing rapid growth owing to their considerable 

potential in resolving persistent challenges like poor drug solubility and bioavailability. Moreover, 

they exhibit limitless possibilities in drug targeting. Our findings hold immense significance, as the 

properties of nano-medicines, including their release from dosage forms at specific sites, as well as 

drug circulation and absorption into bodily membranes, are significantly affected by the zeta 

potential (ξ) of nano-drugs [28]. 
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