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Abstract 

Electrostatic demulsification is a promising technique to disrupt petroleum emulsions. However, 

the presence of salts in the emulsion can influence the effectiveness of the electric field. In this 

work, we target an understudied area, namely the effect of salt ion type and concentration on the 

stability of brine droplets when exposed to an electric field. Molecular dynamics (MD) simulations 

are performed on a series of water-in-oil emulsion systems consisting of a water or brine droplet 

surrounded by an oil phase containing toluene and model asphaltene molecules (N-(1-

hexylheptyl)-N'-(5-carboxylicpentyl) perylene-3,4,9,10-tetracarboxylic bisimide (C5Pe)). The 

brine droplet contains either NaCl or CaCl2, with concentration varying from 0 to ~11 wt%. An 

external electric field is applied, which has a strength ranging from 0 to 1 V/nm. Our results show 

that as the electric field increases, the bare water droplet exhibits progressive deformation from 

the original spherical shape to an ellipsoid, a spindle, and finally a cylinder. When the brine 

droplets are exposed to a low electric field (≤ 0.5 V/nm), they behave similarly to the bare water 

droplet. However, at high electric field (≥ 0.75 V/nm), both NaCl and CaCl2 brine droplets are 

stabilized in the bulk oil and maintain the spherical or ellipsoidal shape by ejecting salt ions 

towards the electrodes at high salt concentrations (≥ 7.8 wt %), which induces a counter electric 

field that weakens the destabilization of the droplet by the applied field. At low salt concentrations 

(≤ 4.5 wt %), brine droplets containing NaCl or CaCl2 display different behaviors: the former tends 

to shift towards an electrode, whereas the latter stays in the bulk oil phase. The contrasting 

phenomena are the result of combined effects of brine droplet net charge and C5Pe adsorption on 

the droplet surface: a large net charge and low C5Pe adsorption tend to drive the droplet towards 

an electrode. This study provides useful insights into the important role of salt ions in electrostatic 

demulsification of petroleum emulsions. 
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1. Introduction 

Emulsions commonly exist in many industrial processes such as food processing, metal 

manufacturing, and petroleum production 1-4. As a specific example, water-in-oil emulsion is 

routinely encountered in bitumen froth treatment of oil sands production, among other emulsions 

such as oil-in-water and more complex water-in-oil-in-water emulsions 1, 5. The existence of 

emulsions in bitumen froth treatment can lead to corrosion and fouling issues, resulting in 

additional costs and environmental concerns 2, 6. It is challenging to separate small dispersed water 

droplets from the oil phase, especially when the emulsions are stabilized by indigenous compounds 

in the crude oil, such as asphaltenes and resins 2, 6-9. Electrostatic demulsification by applying an 

external electric field is a promising and cost-effective method 6, 10-11. However, the omnipresence 

of salt ions in water 12-13 can influence the effectiveness of electrostatic demulsification. Salt ions 

can interact with emulsion stabilizers, and these two species can respond differently to the electric 

field 4, 14-18. As a result, they might function synergistically or competitively in facilitating or 

inhibiting the deformation and coalescence of water droplets. It is therefore of great interest and 

significance to investigate the response mechanism of water-in-oil emulsion when exposed to an 

electric field and under the collective influence of salt ions and interface-active emulsion 

stabilizers. 

The shape change and stability of an emulsion droplet caused by an electric field has been 

the subject of several previous studies 18. Theoretically, it is hypothesized that under the electric 

field the droplet would undergo deformation, leading to rearrangement of the components inside 

the droplet 19-22. The simplest theoretical model that describes the droplet deformation is the 



4 
 

Taylor’s model 23. In this model, it is assumed that the initial shape of the droplet is a sphere with 

radius rd and after deformation it becomes a prolate spheroid with a long semi-axis of a and two 

equal short semi-axes of b. The deformed shape is predicted from the balance between electric 

stress (𝜀𝜀0𝜀𝜀𝑚𝑚𝐸𝐸2, where E is the electric field strength; ε0 and εm are respectively the permittivity of 

vacuum and dielectric constant of the medium) and capillary stress (𝛾𝛾 𝑟𝑟𝑑𝑑⁄ , with 𝛾𝛾  being the 

interfacial tension between the droplet and the medium), and given by the following equation 
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recognized as �2𝐶𝐶𝑎𝑎𝑒𝑒 where 𝐶𝐶𝑎𝑎𝑒𝑒 = 𝜀𝜀0𝜀𝜀𝑚𝑚𝐸𝐸2𝑟𝑟𝑑𝑑/𝛾𝛾 is the electric capillary number and measures the 

ratio between the electric and capillary stresses. 𝛾𝛾 can be determined via different approaches, both 

experimentally 24-26 and numerically 12, 27-28. Taylor’s model has been shown to be valid when 𝐶𝐶𝑎𝑎𝑒𝑒 

is within a critical threshold ((𝐶𝐶𝑎𝑎𝑒𝑒)𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐) 18, 29-31 and consequently the droplet deformation is 

small. Later, a modified version of Taylor’s model was proposed by Garton and Krasucki 31 by 

considering finite permittivity of the droplet. Ajayi also improved the Taylor’s model by including 

higher-order corrections that address the issue of underestimated deformation by the original 

Taylor’s model 32. Abbasi et al. 29 measured the deformation of a castor oil droplet in silicone oil 

under electric field, and proposed a model to describe the transition from equilibrium deformation 

(when 𝐶𝐶𝑎𝑎𝑒𝑒 < (𝐶𝐶𝑎𝑎𝑒𝑒)𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐) to non-equilibrium deformation (when 𝐶𝐶𝑎𝑎𝑒𝑒 > (𝐶𝐶𝑎𝑎𝑒𝑒)𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐). Gong et 

al. 33 found that when subjected to a pulse electric field, a water droplet in oil exhibited vibrational 

motion in the form of periodic stretching and compression, which is potentially beneficial for the 

coalescence of emulsion droplets. The authors also developed a model to describe the vibration, 

which agreed well with experimental results. While these models provide simple predictions for 
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the deformation of a pristine droplet, the presences of salt ions and surface-active compounds are 

not explicitly considered.  

Experimentally, the development of high-speed imaging technologies has enabled direct 

monitoring of droplet deformation. Berg et al. 34 found that under an electric field the deformation 

of a water droplet in surfactant-free oil is consistent with the Taylor’s model, while the deformation 

is reduced in an oil that contains surfactants. They attributed the reduced deformation to the 

increased stiffness of the water-oil interface caused by the adsorption of surfactants. Luo et al. 30 

observed similar phenomena in a comparable set of experiments, but provided a different 

explanation. It was postulated that the droplet deformation caused increase of the interfacial area, 

which led to the decrease in surface coverage by the surfactants and subsequently the increase of 

interfacial tension. As a result, 𝐶𝐶𝑎𝑎𝑒𝑒 decreased, hindering further deformation of the droplet. Ervik 

et al. 35 studied a water droplet immersed in an oil phase containing non-ionic surfactants and 

subjected to an electric field. The droplet was observed to be able to stretch slightly beyond the 

breakup limit in Taylor’s prediction, due to the presence of surfactants 23. In addition, at high 

surfactant concentrations a significant hysteresis was observed when the droplet underwent cyclic 

loading with increasing electric field strength. Besides droplet deformation, several works also 

reported droplet breakage and generation of small daughter droplets, when the applied electric 

field was sufficiently strong 19, 23, 29, 36-37. Producing daughter droplets lowers the average droplet 

size, which adversely affects coalescence and phase separation. Therefore, the strength of the 

electric field should be appropriate so as to not introduce droplet breakage. It should be mentioned 

that none of the above experimental studies considered the presence of salt or the potential 

influence of ions on droplet deformation and stability.  
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Recently, molecular dynamics (MD) simulations have shed light in this area by providing 

atomistic insights into the coalescence and deformation of emulsion droplets. To reduce the 

computational cost, most of these simulations focused on the coalescence of multiply water (or 

brine) droplets in nitrogen gas phase 38-46, instead of in a continuous oil phase. There are a few 

exceptions 38, 47-48, where water-in-oil emulsion was investigated and the effects of surfactant, 

droplet size and net charge, and electric field (constant or pulsed) on the coalescence of emulsion 

droplets were explored. To our knowledge, MD study on the response of a single droplet to an 

external electric field has only been performed by Li et al. in their recent series of works49-51. The 

simulation systems in their studies include a NaCl brine droplet with salt concentration of 5.5 wt% 

in a continuous nitrogen gas phase 49,  a NaCl brine droplet with salt concentration of 1.7 wt% in 

an oil phase (represented by a mixture of hexane, cycloheptane, and benzene) 50, and a NaCl brine 

droplet (salt concentration 0.7 wt%) surrounded by model naphthenic acids molecules immersed 

in n-hexane phase 51. They found that the droplet deformation increased with the strength of the 

electric field. When the electric field strength exceeded a critical value, droplet breakup occurred 

and three breakup patterns were observed (from one end, from two ends, and from the center) 49-

50, which was consistent with experimental observations at mesoscopic scales 29. Naphthenic acids 

molecules were found to adsorb onto the middle portion of the droplet during its deformation and 

breakup, making the two ends exposed to the oil phase 51. Salt ions were claimed to migrate with 

the electric field, which favored droplet breakup 49-51.  

While the studies by Li et al. 49-51 are informative and valuable, in the present work we 

intend to fill two gaps that still exist. First, the previous studies 49-51 only considered NaCl as the 

salt. In reality, brine in petroleum emulsion contains many types of ions 52 which can respond 

differently to an external electric field. In particularly, experiments have shown the presence of a 



7 
 

proper amount of Ca2+ could enhance oil recovery in low salinity water flooding 53-56, but the 

underlying mechanisms are unclear. In this work, brine droplets containing NaCl and CaCl2 are 

compared to investigate the potential difference caused by Na+ and Ca2+ ions. Second, the salt 

concentration in petroleum emulsion can be quite high (exceeding 10 wt%) 52. The concentration 

considered by Li et al.49-51 is relatively low, and only one concentration was considered in each 

study. Therefore, a systematic study on the salt concentration effect is still absent. To address this, 

a broad range of salt concentrations (from 0 to ~11 wt%) are simulated here. Together, we aim to 

provide a more comprehensive understanding on how the properties of salt ions influence the 

deformation and stability of a water-in-oil emulsion droplet subjected to an electric field. 

2. Method 

2.1. Simulated Systems 

An example of the simulation systems is depicted in Figure 1. The left side of the 

simulation box contains a spherical water (or brine) droplet placed at the center of the oil phase, 

which serves as the model water-in-oil emulsion. The emulsion is sandwiched by two graphene 

sheets, which act as the anode and cathode. The graphene sheets also have the function of removing 

artifacts caused by periodic boundary conditions (PBCs) when the electric field is applied between 

them. In absence of the graphene sheets, under the electric field some charged particles would go 

out of the box from one end and re-enter it from the opposite end, and this would cause the electric 

field strength to deviate from the pre-set value 57. To the right side of the model emulsion is a slab 

of vacuum, further screening the long-range interaction between the simulation box and its 

periodic images. The dimension of the model emulsion is 12×12×20 nm3, and the radius of the 

water (or brine) droplet is ~3 nm. The vacuum space is 12×12×40 nm3.  
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All the system details are listed in Table 1. The cation in brine is either Na+ or Ca2+, and 

the anion is Cl−. Four different salt concentrations are considered (2.2, 4.5, 7.8, and 11.7 wt% for 

NaCl; 2.5, 4.5, 7.8, and 11.4 wt% for CaCl2). Because the distribution of ions within the droplet is 

not uniform (especially near the brine-oil interface), their concentrations are calculated from the 

densities of salt ions and water in the bulk region of the brine droplet (1 nm ≤ r ≤ 2 nm, with r 

being the distance from the center of mass (COM) of the brine droplet) during the sampling stage 

of the simulation under E = 0 V/nm. The base of the oil phase is modeled by toluene, which 

contains ~3.5 wt% of model asphaltene molecules represented by a polyaromatic compound N-(1-

Hexylheptyl)-N-(5-carboxylicpentyl) perylene-3,4,9,10-tetracarboxylic bisimide (C5Pe, chemical 

formula shown in Figure 1) 58-59. Such a composition of the oil phase has been widely used in 

experiments and simulations 2-3, 6, 60-61. Electric field with various strengths (E = 0, 0.5, 0.75 and 

1.0 V/nm) is applied along the z-direction, perpendicular to the electrodes. The electric field 𝐄𝐄 is 

introduced by exerting a force, 𝐅𝐅 = 𝑞𝑞𝐄𝐄, on the charged particles, with q being the charge of the 

particle.  
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Figure 1 An example of the initial configuration of simulation systems (System S7_Na in Table 

1).  The base oil represented by gray points is toluene, and the sphere with radius of ~3 nm is the 

brine droplet which contains salt ions. The model asphaltene is represented by C5Pe, randomly 

dispersed in toluene. The black, red, blue, and white spheres in C5Pe are C, O, N, and H 

respectively, and its chemical formula is shown. 

 

Table 1 Details of simulated systems. Numbers of C5Pe, water, and toluene molecules are 75, 

4000, and 15500, respectively, in all the systems. For each system, electric fields with four 

different strengths (0, 0.5, 0.75 and 1.0 V/nm) are applied.  

System Numbers of cation (Na+ or Ca2+) & anion (Cl−)  Salt Concentration (wt%) 

S0 0 & 0 0 

S2_Na 20 & 20 2.2 

S2_Ca 10 & 20 2.5 

S4_Na 40 & 40 4.5 

S4_Ca 20 & 40 4.5 

S7_Na 75 & 75 7.8 

S7_Ca 38 & 76 7.8 

S11_Na 120 & 120 11.7 

S11_Ca 60 & 120 11.4 

 

2.2. Simulation Details 

All the systems are assembled by the PACKMOL package 62 and simulations are conducted 

using the GROMACS package (version 2021.2) 63-64. For each system, energy minimization is first 

performed to ensure the maximum force on any atom is smaller than 1000 kJ/(mol·nm). Next, an 

annealing process in NVT ensemble is simulated for 60 ns, where the temperature for C5Pe is 

linearly increased from 300 to 500 K in the first 5 ns (0−5 ns), maintained at 500 K for 20 ns (5−25 
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ns), linearly reduced to 300 K in the next 25 ns (25−50 ns), and finally maintained at 300 K for 10 

ns (50−60 ns). The temperature for the water (or brine) droplet and toluene is always kept at 300 

K.  This process facilitates the escape of heavy molecules from local potential energy wells. After 

the annealing simulation, an electric field is applied, and the simulation is run in NVT ensemble 

for 40 ns with the temperature maintained at 300 K. Of the 40 ns, the first 20 ns is used for 

equilibration (verified by the attainment of stable density profiles) and the last 20 ns for sampling 

and statistical analysis. The graphene sheets are frozen during the entire simulation. They are 

charge neutral and interact with the other components in the system via van der Waals interaction 

(Lennard-Jones potential as specified in the augmented OPLS-AA force field 65). 

The water model is TIP4P/2005 66, which has been proven to produce accurate 

thermodynamic and transport properties under a broad range of temperatures and pressures 67-70. 

The force field parameters for salt ions  are from Madrid-2019 71, which are proposed based on 

compatibility with the TIP4P/2005 water model and validated against experiments for a wide range 

of salt concentrations [ref]. It should be noted that Madrid-2019 is a scaled charge model, where 

chloride, sodium, and calcium ions carry charges of −0.85 e, +0.85 e and +1.70 e, respectively. 

However, for simplicity, we still refer to them as Cl−, Na+, and Ca2+. It has been shown that the 

full charge ion models fail to accurately predict many properties such as solubility, activity 

coefficient, and diffusivity 71-72, while the integration of TIP4P/2005 and Madrid-2019 leads to 

more  accurate prediction of solubility, density, viscosity and other structural properties 71-73. The 

augmented OPLS-AA force field 65 is used for toluene and C5Pe, with bond length and bond angle 

each described by a harmonic potential, and dihedral angle describe by the Ryckaert-Bellemans 

function 65. The force field parameters are generated from the LigParGen web server 74. The partial 

charges for these molecules are re-parameterized using the 1.14×CM1A-LBCC algorithm 75, 
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which improves the accuracy of prediction for the heat of vaporization and density of organic 

liquids 75. Prior simulations have validated the accuracy of the force field parameters in modeling 

toluene, against experimental data [ref]. By performing an auxiliary NPT simulation that 

equilibrates 1000 C5Pe molecules at 300 K and 1 bar, the density of C5Pe in this work is calculated 

to be 1116.77 ± 3.03 kg/m3, which agrees well with previous simulation result (1121.54 ± 2.68 

kg/m3 calculated by GROMOS force field) 6.  

Water molecules are kept rigid by the SETTLE algorithm 76 and bond lengths involving an 

H atom are fixed in toluene and C5Pe via the LINCS algorithm 77. The velocity rescaling 

thermostat 78 with a time constant of 0.5 ps is used to control the temperature. Three-dimensional 

PBCs are applied. Lennard-Jones potential is truncated at 1.2 nm with tail correction 79. The long-

range electrostatic interaction is handled by the particle-mesh Ewald (PME) method 80. To further 

screen the long-range interaction between the system and its images in z-direction, a force and 

potential correction is applied in the z-direction to produce a pseudo two-dimensional Ewald 

summation (ewald-geometry set as “3dc” in the mdp file). The time step is 1 fs throughout all the 

simulations, and the trajectory is saved every 2 ps for the sampling stage. 

3. Results and Discussion 

3.1. Salt Ions Stabilize Droplet 

Figures 2(a)-(d) presents the equilibrium radial density (ρ) profiles of all the fluid 

components in System S0 under different electric fields. The horizontal axis (r) is the distance 

from the COM of the water droplet. The band with a lighter color surrounding each curve 

represents the standard deviation from the statistical analysis of data. Regardless of the electric 

field strength, the density of C5Pe molecules shows a clear peak near the water-toluene interface 

corresponding to their adsorption. This is expected because C5Pe is amphiphilic, which tends to 
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interact with both water and oil phases 6, 81-82. On the other hand, as the electric field strength 

increases, the plateau region in the water density profile at small r becomes narrower, which 

suggests size or geometry changes of the water droplet. Figures 2(e)-(h) are the time-averaged 

three-dimensional iso-density surfaces for water and C5Pe, providing a more direct view of the 

droplet deformation and C5Pe distribution. In each plot, the atomic coordinates are shifted so that 

the COM of the water droplet is at the center of the x-y plane (no shifting in the z direction).  The 

iso-values for water and C5Pe are respectively set to 500 kg/m3 and 280 kg/m3. As depicted, the 

water droplet is spherical at E = 0 V/nm, but gradually elongates along the z-direction (the direction 

of electric field) to an ellipsoid at E = 0.5 V/nm, a spindle at E = 0.75 V/nm, and finally a cylinder 

at E = 1.0 V/nm. The stretching of water droplet along the electric field has been reported in 

previous studies 38-51, and is caused by the balance between surface and electrostatic forces as 

elaborated in the literature 6, 23, 29-30. It should be pointed out that the distance between the two 

electrodes is 20 nm in the simulations, which is much smaller that in experiments. With larger 

distances the cylindrical-shaped droplet shown in Figures 2(h) is likely unstable and tends to break 

up, as observed in experiments 19, 23, 29, 36-37. However, such an artifact, caused by the limited length 

scale in MD simulations, is only present when the droplet is simultaneously interacting with both 

electrodes, which is rarely observed in the simulations. 
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Figure 2 (a)-(d): Equilibrium radial density profiles of fluid components in System S0 under 

different electric field strengths, with r being the distance from COM of the water droplet. (e)-(h): 

Corresponding three-dimensional iso-density surfaces for water (blue, iso-density = 500 kg/m3) 

and C5Pe (red, iso-density = 280 kg/m3). 
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The presence of salt ions in the water droplet has a significant effect on its stability under 

electric field. To demonstrate this, the equilibrium radial density of the fluid components and their 

iso-density surfaces are depicted in Figures 3 for System S4_Ca containing 4.5 wt% of CaCl2. In 

contrast to Figure 2, the changes in the density profiles induced by the electric field are much 

smaller, suggesting that the droplet is able to maintain a spherical or ellipsoid shape even for E ≥ 

0.75 V/nm. In Figure 3, the iso-density surfaces of salt ions (0.25 mol/L for Ca2+ and 0.5 mol/L 

for Cl−) are also shown. At high electric field strengths (E ≥ 0.75 V/nm), some Ca2+ and Cl− ions 

hydrated by small water clusters are found to leave the water droplet and move towards the anode 

and cathode, respectively. In Figures 3(g) and 3(h), considerable number of salt ions are attached 

to the electrodes inducing an electric field that is opposite to the originally applied electric field. 

This screening effectively reduces the electric field experienced by the water droplet, allowing it 

to maintain a spherical or ellipsoid shape. To further quantify the screening effect brought by the 

salt ions, Figure 4(a) shows for System S4_Ca the electric field induced by salt ions (Eind) after 

system equilibration, where Eind is calculated by integrating the charge distribution of salt ions. 

Figure 4(b) shows the net electric field (Enet) after summing the applied E and Eind. For E = 0.75 

V/nm and 1.0 V/nm, Enet drops to ~ 0.4 V/nm approximately 1−2 nm from the electrodes, which 

is not strong enough to cause a significant deformation of the brine droplet. Eind and Enet for other 

systems are shown in Figure S1-S7 in the Supporting Information (SI), which are similar to Figure 

4. Therefore, the roles of salt ions are two-fold. On the one hand, as they move towards the 

electrodes, they bring the hydrating water molecules with them, which facilitate droplet breakup. 

On the other hand, they reduce the effective electric field which stabilizes the main body of the 

emulsion droplet, preventing it from large deformations. Li et al. also reported the former effect in 
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their series of works 49-51 but not the second role. In fact, the electrodes were absent in Li et al. 49-

51 due to different system setup.  

 

Figure 3 (a)-(d): Equilibrium radial density profiles of fluid components in System S4_Ca under 

different electric field strengths. (e)-(h): Corresponding three-dimensional iso-density surfaces for 
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water (blue, iso-density = 500 kg/m3), C5Pe (red, iso-density = 280 kg/m3), Ca2+ (magenta, iso-

density = 10 kg/m3, i.e., 0.25 mol/L), and Cl− (green, iso-density = 17.725 kg/m3, i.e., 0.5 mol/L). 

 

Figure 4 (a) Electric field induced by salt ions, Eind; and (b) the net electric field, Enet = E + Eind in 

System S4_Ca after equilibration.   

 

3.2. NaCl and CaCl2 Droplets Behave Differently at Low Concentration 

Figure 5 shows the equilibrium radial density profiles and three-dimensional iso-density 

surfaces for System S4_Na. It is the counterpart of Figure 3 (for System S4_Ca), but with Ca2+ 

replaced by Na+. The corresponding plots for the other systems in Table 1 are shown in Figures 

S8-S13. In Figure 5, at high electric field strengths (E ≥ 0.75 V/nm), some of the salt ions become 

attached to the electrodes, similar to the observation in System S4_Ca. On the other hand, it is 

interesting to find that when E ≥ 0.75 V/nm, the main body of NaCl droplet adheres to one 

electrode, while the main body of CaCl2 droplet remains in the bulk oil.  Figure 6 compares the 

evolution of the droplet in the two systems during the equilibration stage. In System S4_Ca, while 

under the electric field of E = 1.0 V/nm a fraction of ions and their surrounding water molecules 

are ejected from the two ends of the droplet, the COM of the CaCl2 droplet remains almost 
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unchanged in the z-direction. On the contrary, in System S4_Na, after ejecting some Na+ ions from 

the right end, the COM of the NaCl droplet gradually moves to the left, and finally a large fraction 

of the droplet adheres to the left electrode. The evolutions of droplet deformation in other systems 

are shown in Figures S14-S16. It is found that the above phenomenon only occurs when the NaCl 

concentration is less than 7.8 wt%, whereas the deformation of NaCl droplet resembles that of 

CaCl2 droplet (COM remains unchanged) when the NaCl concentration is higher. This effect of 

salt concentration is discussed next. 
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Figure 5 (a)-(d): Equilibrium radial density profiles of fluid components in System S4_Na under 

different electric field strengths. (e)-(h): Corresponding three-dimensional iso-density surface for 

water (blue, iso-density = 500 kg/m3), C5Pe (red, iso-density = 280 kg/m3), Na+ (yellow, iso-

density = 11.5 kg/m3, i.e., 0.5 mol/L), and Cl− (green, iso-density = 17.725 kg/m3, i.e., 0.5 mol/L). 
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Figure 6 Time evolution of droplet deformation under E = 1.0 V/nm: (left panel) System S4_Ca 

and (right panel) System S4_Na. t = 0 ns corresponds to when the electric field is just applied. The 

location and shape of the droplets are stabilized with little change after the last frame shown in the 

figure. 

 

3.3. Salt Concentration Affects Droplet Stability under High Electric Field 

Combining Figures 6 and S14-S16, it is fount that when the NaCl concentration is higher 

than a certain value (between 4.5 wt% and 7.8 wt%), a large fraction of the brine droplet remains 

in bulk oil even under a high electric field (E ≥ 0.75 V/nm). Interestingly, when the electric field 
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is applied, the droplet deforms into a spindle, ejects Na+ and Cl− ions from the two ends, and then 

recovers it spherical shape as the screening of the electric field by the salt ions takes place (see 

Figures S15-S16). However, if the NaCl concentration is below this value, under the same electric 

field, the droplet undergoes significant deformation while simultaneously drifting towards an 

electrode. When the salt is CaCl2, within the studied range of concentrations (from 2.5 wt% to 11.4 

wt%), the brine droplet always stays in bulk oil, similar to the scenario with high concentrations 

of NaCl.  

To explore the mechanism behind this phenomenon, Figure 7 shows time evolution of the 

net charge carried by the brine droplet during equilibration, under E = 0.75 and 1.0 V/nm. The net 

charge exhibits large fluctuations when the electric field is just applied (within the first 5 ns). 

During this period, the droplet undergoes drastic deformation, and the ions are ejected from the 

ends of the droplet. After this period, the net charge becomes stable with minor fluctuations. It is 

suspected that the NaCl droplets at low salt concentrations move towards an electrode due to their 

non-zero net charge, which leads to an electrical force on the droplet. The data in Figure 7 are 

partially consistent with this hypothesis. For example, in System S4_Na, the stabilized net charge 

is -2.55 e for E = 0.75 V/nm and -5.95 e for E = 1.0 V/nm, and these two droplets finally drift to 

the cathode under the electric field. In addition, the NaCl droplet in System S2_Na under E = 1.0 

V/nm carries a positive charge (+5.95 e) in the stable period, and it diffuses to the anode. In contrast, 

when the NaCl concentration increases to ≥ 7.8 wt %, the net charge of the droplet converges to 

around zero and its tendency towards an electrode is not observed. It should be noted, however, 

several data in Figure 7 cannot be fully explained by the droplet’s net charge. Specifically, the 

droplet in System S2_Na under E = 0.75 V/nm has a similar net charge to the droplets in Systems 

S2_Ca and S11_Ca under E = 0.75 and 1.0 V/nm, System S4_Ca under E = 0.75 V/nm, System 
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S7_Ca under E = 1.0 V/nm, as well as System S11_Na under E = 1.0 V/nm, but it is the only one 

that adheres to an electrode after equilibration.   

The seeming discrepancy can be explained by the strength of C5Pe adsorption on the brine 

droplet. For this purpose, umbrella sampling (US) is employed to determine the potential of mean 

force (PMF) of a single C5Pe molecule as a function of the distance (ζ) between its COM and a 

brine-toluene interface, under salt concentrations that are close to those listed in Table 1. An 

example of the system setup is shown in Figure 8(a). ζ = 0 is defined by the position where the 

water density is 50% of its bulk value in the brine phase. Each US simulation is run for 30 ns and 

data from the last 20 ns are analyzed using the weighted histogram analysis method (WHAM) 83 

to obtain the PMF profile. Other details of the PMF calculations can be found in SI Section S4. 

Figure 8(b) summarizes the PMF curves for the NaCl brine-toluene systems, where the depth of 

the PMF well is a quantitative measure of the strength of C5Pe adsorption. The adsorption strength 

shows a generally increasing trend with the NaCl concentration: 0 wt % < 2.1 wt % ≈ 4.8 wt % < 

8.5 wt % ≈ 11.7 wt %. The corresponding results are shown in Figure 8(c) for CaCl2 brine-toluene 

systems. Interestingly, the strongest interaction between C5Pe and CaCl2 brine occurs at 2.3 wt%. 

From 2.3 wt% to 8.4 wt% the adsorption strength decreases, but it increases again as the salt 

concentration further increases to 11.6 wt%. Stronger C5Pe-brine interaction could induce a higher 

amount of C5Pe adsorption on the brine droplet surface, which is confirmed in Figure 8(d) for the 

systems simulated in Table 1 at E = 0 V/nm. The number of adsorbed C5Pe is calculated by 

performing a volume integration of the radial density (Figures 2, 3, 5, and S8-S13) from r = 0 to 

r = 5 nm. The number of adsorbed C5Pe on the NaCl droplet shows an overall increasing trend 

with NaCl concentration. In contrast, the highest adsorption on the CaCl2 droplet occurs at 2.3 

wt%, followed by a drop from 2.3 wt% to 4.8 wt% and a slight increase afterwards. Both curves 
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agree well with the PMF results. Higher amount of C5Pe adsorption leads to greater mass (hence 

inertia) and larger volume (hence viscous drag) of the droplet as a whole, making it more difficult 

to move in the bulk oil. Consequently, although several brine droplets (Systems S2_Ca and 

S11_Ca under E = 0.75 and 1.0 V/nm, System S4_Ca under E = 0.75 V/nm, System S7_Ca under 

E = 1.0 V/nm, System S11_Na under E = 1.0 V/nm) have a net charge comparable to the NaCl 

droplet in System S2_Na under E = 0.75 V/nm, the latter has relatively low C5Pe adsorption, 

which enables its easier movement towards an electrode. Therefore, the motion of the droplet under 

an electric field is a result of the collective effects of the droplet net charge and C5Pe adsorption. 
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Figure 7 Time evolution of the net charge of the brine droplet during the equilibration stage. 
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Figure 8 (a) An example (CaCl2-toluene system with salt concentration of 8.4 wt%) of the initial 

configuration for PMF calculation. PMF profiles along the reaction coordinate ζ (distance between 

COM of C5Pe and brine-toluene interface) in (b) NaCl brine-toluene systems and (c) CaCl2 brine-

toluene systems with different salt concentrations. (d) Number of C5Pe molecules adsorbed on the 

brine droplet surface at E = 0 V/nm, plotted against salt concentration. 

 

3.4. Implications in Electrostatic Demulsification 

Figure 9 summarizes the stability of the brine droplet found in this work into phase 

diagrams with salt concentration and cation valency as the two axes. A droplet is considered stable 

if it remains approximately a spherical shape and stays in bulk oil. In contrast, an unstable droplet 



25 
 

either deforms into a cylinder or becomes attached to an electrode. When the electric field is small 

(0 to 0.5 V/nm), the droplet simulated here is stable regardless of the salt concentration and cation 

valency (Figure 9(a)). At higher electric field (0.75 to 1.0 V/nm in this work), the droplet is 

unstable in two systems with monovalent ions and small salt concentrations. Therefore, a boundary 

can be drawn to separate an unstable regime from a stable one (Figure 9(b)). It is expected that as 

the electric field increases, this boundary would move in the upper-right direction, increasing the 

size of the unstable regime. Figure 9 is generated from the simulation results on NaCl and CaCl2 

brine droplets. Although a major distinction between the two types of salt is the valency of the 

cations, there are other differences such as the mass and hydration free energy of the cations, as 

well as the binding free energy between the cation and anion. The same phase diagrams may not 

be applicable to other salt ions (e.g., K+ or Mg2+) and should be evaluated with additional 

simulations.  

The comparison in Section 3.1 suggests that the presence of salt ions in water-in-oil 

emulsion could lower the efficacy of demulsification by electric field. The ions induce a counter 

electric field that weakens the originally applied field, as well the detachment of salt ions and their 

surrounding water molecules from the emulsion droplets generates tiny daughter droplets which 

also creates a barrier for demulsification. In addition, as seen in Section 3.3, salt ions could 

strengthen the interaction between brine droplets and asphaltenes in the crude oil, which is 

unfavorable for demulsification. Therefore, removing the salt ions could be a complementary 

means to help increase the efficacy of electric field based demulsification. 

Section 3.2 shows that the droplet containing Ca2+ ions are more stable than that with Na+ 

ions. Interestingly, a non-monotonic relationship is found in Section 3.3 between C5Pe adsorption 

and CaCl2 concentration. Similar phenomena related to Ca2+ were also reported in previous 
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literature 53-56. For example, Morrow and Buckley reported that the oil recovery could be enhanced 

by injecting brine with low salinity, but this effect disappeared when the salinity of injected water 

is too high or too low 53. The benefit of this so-called “low salinity water flooding” was attributed 

to the complex interaction among Ca2+, polar components in crude oil, and rock surface 54-56. 

Therefore, special care should be exercised when treating water-in-oil emulsion systems 

containing Ca2+. 

 

Figure 9 Schematic phase diagrams of brine droplet stability in oil under (a) E ∈ (0, 0.5) V/nm 

and (b) E ∈ (0.75, 1.0) V/nm, with salt concentration and cation valency serving as the axes of the 

phase diagrams.  

 

4. Conclusion 

MD simulations are conducted to investigate the stability of a NaCl or CaCl2 brine droplet 

in a model oil when exposed to an external electric field. It is found that the presence of salt ions 

helps the brine droplet maintain a spherical shape under high electric field strengths (≥ 0.75 V/nm), 

while the bare water droplet deforms into a spindle or cylinder under the same electric field. The 

contrasting behaviors are caused by some salt ions departing from the droplet towards the 
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electrodes, which generates a counter electric field and reduces the effective strength of the 

external electric field. The brine droplet also exhibits different deformation and motion in the 

systems containing Na+ and Ca2+. With Na+, if the salt concentration is less than a threshold 

(between 4.4 wt% and 7.7 wt%) the main body of the droplet tends to attach to an electrode, while 

it remains in the bulk oil if the salt concentration is higher than the threshold. With Ca2+, within 

the studied salt concentration range, the brine droplet always stays in the bulk oil. We attribute this 

difference to both the net charge of the droplet and C5Pe adsorption on the droplet surface. High 

net charge and low C5Pe adsorption at low salt concentration lead the NaCl droplet towards an 

electrode, while increased C5Pe adsorption with NaCl concentration reduces the drift. CaCl2 

droplet has a low net charge and relatively high C5Pe adsorption, which limits its tendency to leave 

the bulk oil. From practical point of view, removing salt ions could facilitate demulsification by 

electric field, and special attention should be paid to salt ions (e.g., Ca2+) that provide higher 

stability to the emulsion droplets.  
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