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Abstract  

Water or brine always co-exist with oil during petroleum production, often in the form of 

emulsions which can be stabilized by surface-active components such as asphaltenes. Polymeric 

demulsifiers were frequently applied to destabilize the water/oil interface. To understand the 

demulsification mechanisms of water/oil emulsion, it is important to understand the effect of 

salinity on the stability of water/oil interface with adsorbed asphaltenes and polymeric demulsifiers. 

In this work, molecular dynamics simulations were performed on water/heptol interfaces under the 

influence of a model asphaltene (VO-79), a polymer demulsifier (PEO5-PPO10-PEO5) and varying 

concentrations of NaCl. Potential of mean force calculation indicated that when NaCl was added 

the magnitude of the adsorption free energy for VO-79 had insignificant changes and that for the 

polymer increased. In the absence of VO-79, the interfacial tension (IFT) at the water/heptol 

interface first increased upon increasing the NaCl concentration to 6 wt.% and then decreased. The 

initial increase was attributed to the negative surface excess of salt while the subsequent decrease 

was due to the evident aggregation of salt ions in the water phase. With both polymer and VO-79 

at the interface, the effect of salinity on IFT followed the same non-monotonic trend, except that 

the transition occurred at a lower concentration, which was caused by the mutual influence of H-

bonds between adsorbates and water, and the surface excess of salt. The results provide useful 

insights into the effect of salinity on the stabilization and destabilization of water/oil interface. 
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1. Introduction 

Brine water is always co-produced with oil during petroleum production. [1–3] Low salinity 

waterflooding is commonly used in enhanced oil recovery (EOR), and different  mechanisms have 

been proposed to contribute to EOR, such as fines migration [4], wettability alteration [5], change 

of oil-brine interfacial viscoelasticity [6], etc. The produced water from oil production may be 

recycled, resulting in the accumulation of ions. [7] Thus, the salinity of brine water can range from 

low in fresh water to high in formation water. [8] The salt in brine water can affect many processes 

during oil production, including oil recovery and water/oil separation. [1,8,9] In addition, brine 

water could be stabilized by surface-active components in crude oil, leading to the formation of 

water-in-oil emulsions. [2] Stable water-in-oil emulsion has attracted wide attention and its 

treatment is still a big challenge for the petroleum industry. [2] Asphaltenes are the heaviest and 

most polar components in crude oil, which tend to adsorb at the water/oil interface. [2] The 

formation of rigid asphaltene films at the water/oil interface was considered the main contributor 

to the stabilization of water-in-oil emulsions. [10,11] Demulsifiers, such as polymeric surfactants, 

have been commonly used to destabilize the water/oil interface and promote water/oil separation. 

Given the ubiquitous presence of salt in the water phase, it is important to understand the interfacial 

behaviors of asphaltenes and demulsifiers at the water/oil interface under the influence of salinity.  

At the interfaces between water and pure hydrocarbon, the interfacial tension (IFT) was 

reported to increase with salt concentration. [8] Meanwhile, the adsorption of asphaltenes tended 

to cause the reduction of IFT at the water/oil interface. [12] With asphaltenes at the water/pentol 

interface, the IFT was found by Xie et al. to increase with NaCl concentration in water from 0 to 

3 M. [13] On the other hand, by measuring the IFT at the water/crude oil interface and the size of 

water-in-oil emulsion droplets, Ling et al. [14] reported that when the NaCl concentration 
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increased, the IFT decreased and the water droplets were more stable, which were attributed to the 

interfacial accumulation of surface-active components induced by salt. [14] The viscoelastic 

properties of the water/crude oil interface were also altered by the addition of NaCl, where high 

salinity increased the rigidity of the interfacial films. [15] Different types of salt can have different 

effects on the property of the water/oil interface. Kakati et al. reported that monovalent salts were 

more effective in reducing IFT for the aliphatic hydrocarbon/brine interface, whereas divalent salts 

were more effective in reducing IFT for the aromatic hydrocarbon/brine interface. [9] 

Lashkarbolooki et al. found that the effect of monovalent salt (NaCl) on IFT at asphaltene-in-

toluene/water interface was insignificant but the effect of divalent salts (CaCl2 and MgCl2) was 

evident. [16] At the interface of heavy crude oil and water, CaCl2 was reported to cause higher IFT 

values than NaCl; in addition, the IFT first decreased and then increased with the concentration of 

CaCl2. [17] Rostami et al. tested the IFT between crude oil and brine water containing mixed salts 

(NaCl, CaCl2, MgCl2 etc.). The IFT was found to first decrease and then increase with the salt 

concentration, which was explained by proposing that the IFT reached the minimum when the 

interfacial adsorption of asphaltene was saturated. [5] With further increase of salt concentration, 

the cations accumulated at the interface which interfered with the interaction between water and 

asphaltenes thus hindering asphaltenes adsorption. [5] Besides IFT, the water/oil interfacial 

rheology could also be affected by the presence of salt. Chávez-Miyauchi et al. stated that the 

viscoelasticity of water/crude oil interface might have a non-monotonic (increase-decrease) trend 

with the concentration of salts (NaCl and MgCl2). [18] Rezaei et al. investigated the stability of 

emulsions formed by brine in crude oil. Tighter emulsions (more stable with finer droplets) were 

formed with the brine containing low concentration of KCl, as compared to the brine containing 

higher concentration of NaCl, KCl, CaCl2, and MgCl2 mixture. [19] Though considerable 
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experimental efforts have been spent, it remains difficult to find consistent correlations between 

salinity and interfacial properties of water/oil interface, due to the complexity of oil compositions. 

[8]  

When demulsifiers were added to destabilize water-in-oil emulsion, the effect of salt on the 

interfacial behaviors became more complex. Zaki et al. studied the demulsification efficiency of 

PPO-PEO copolymers on water-in-benzene emulsions stabilized by asphaltenes, and observed that 

the demulsification efficiency decreased with the increase of NaCl concentration from 0 to 1 M. 

[20] On the contrary, Borges et al. proposed that the increase of NaCl concentration would enhance 

the adsorption of non-ionic demulsifiers (an ethoxylated iso-tridecanol) at the interface, and thus 

improve the demulsification efficiency. [21] In Chávez-Miyauchi et al., when a small amount of 

non-ionic surfactant (an ethoxylated resin) was added, the non-monotonic dependence of 

interfacial viscoelasticity on salt concentration diminished. [18] The effect of salt concentration 

therefore appears to vary between different demulsifiers. PPO-PEO copolymers, commonly used 

as demulsifiers, have been extensively studied, yet their demulsification mechanism, especially 

under the influence of salt, is not well understood.  

Molecular dynamics (MD) simulations have been used to study the interfacial behaviors of 

asphaltenes at the water/oil interface. The nanoaggregation and thin film formation of asphaltenes, 

and asphaltene film destruction by ethyl cellulose were observed by MD simulations. [22–25] 

Alhosani et al. performed MD simulations to study the effect of salt type (NaCl, CaCl2, Na2SO4 

and Na2CO3) and concentration on the interface between water and a toluene/n-dodecane mixture. 

[26] They observed that the salt ions were depleted at the interface, and that divalent ions (e.g., 

SO4
−2 and CO3

−2) had less tendency to migrate to the bulk oil phase compared with monovalent 

ions (Na+ and Cl-). [26] Jian et al. reported that the IFT of the water/toluene interface increased as 
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the NaCl concentration increased from 0 to 28 wt.%. [27] With the presence of a model asphaltene 

(Violanthrone-79, VO-79), the IFT was reduced compared with the pure water/toluene system. 

[27] The IFT also increased with NaCl concentration, but the increment was less significant 

compared with the systems without VO-79. [27] Interfacial behaviors of asphaltenes [28], 

surfactants [29], polymers [30], and sodium naphthenates [31], were also studied by dissipative 

particle dynamics simulations. To the best of our knowledge, theoretical studies on the effect of 

salt with the presence of both asphaltene and demulsifier have been absent, but they are essential 

for the understanding of demulsification mechanisms.  

In this work, MD simulations were performed to investigate brine/heptol (mixture of heptane 

and toluene) interface with the presence of a model asphaltene (VO-79) and a model demulsifier 

(PEO-PPO-PEO copolymer), while under the influence of a monovalent salt (NaCl). The IFT of a 

brine/heptol interface was calculated with various concentrations (1.2 wt% - 11 wt.%) of NaCl in 

the aqueous phase. These simulations mimic the scenario where water-in-oil emulsions are being 

demulsified, and aim to unravel the effect of salt and demulsifiers on the stability of the 

brine/heptol interface. The IFT calculations were accompanied by the evaluation of the potential 

of mean force (PMF) that quantified the adsorption free energy of a single asphaltene or 

demulsifying polymer. The results provide useful insights into the effect of salinity on the 

stabilization and destabilization of water/oil interface. 

2. Methods 

2.1 IFT calculation. 

MD simulations were performed on five sets of systems involving water/heptol interfaces 

(Table 1): control systems without any adsorbates (sys. C_S0 – C_S3), systems with interfacially 
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adsorbed PEO-PPO-PEO polymers (PEO5-PPO10-PEO5, hereafter referred to as “polymers” for 

simplicity) at low (sys. P97_S0 – P97_S3) or high concentrations (sys. P198_S0 – P198_S3), 

systems with polymers and pre-adsorbed VO-79 where the polymer concentration was low (sys. 

VP97_S0 – VP97_S3) or high (sys. VP198_S0 – VP198_S3). Heptol 75/25 (75% vol. heptane, 

25% vol. toluene) was used to represent the oil phase as the solubility of asphaltene in this mixture 

was similar to that in the naphtha-based solvent for froth treatment. [32,33] In sys. C_S0 – C_S3, 

a cubic box (777 nm3) of heptol 75/25 was built and equilibrated to a final density of 727 kg/m3, 

then the box was extended along z-direction to 7714 nm3, as shown in Supporting Information 

(SI) section SI1. A cubic box with water molecules was placed into the extended volume, where 

there was no NaCl in sys. C_S0, 1.2% wt. NaCl in sys. C_S1, 6% wt. NaCl in sys. C_S2, and 11% 

wt. NaCl in sys. C_S3. The concentration of NaCl was obtained by replacing an appropriate 

amount of water molecules with Na+ and Cl- ions.  

Table 1. Details for the simulated systems. 

sys.  Summary Type of simulation  
P1_S0 - P1_S3 A single polymer, different NaCl concentrations  SMD, PMF  
V1_S0 - V1_S3 A single VO-79, different NaCl concentrations SMD, PMF  
C_S0 - C_S3 No polymer or VO-79, different NaCl concentrations Non-restrained MD 
P97_S0 - P97_S3 97 polymers, no VO-79, different NaCl concentrations  Non-restrained MD 
P198_S0 - P198_S3 198 polymers, no VO-79, different NaCl concentrations Non-restrained MD 
VP97_S0 - VP97_S3 97 polymers, 188 VO79, different NaCl concentrations  Non-restrained MD 
VP198_S0 - VP198_S3 198 polymers, 188 VO-79, different NaCl concentrations Non-restrained MD 
Note: For system, the number in the name after “S” represents different salt concentrations: S0 - no salt, S1 - 
1.2 wt.% of NaCl, S2 - 6 wt.% of NaCl, and S3 - 11 wt.% of NaCl. 

 

To construct the initial configuration for the systems with polymers only, as shown in Fig. 1 

(top panel), a box of 12128 nm3 was filled with water molecules. Then, polymer molecules were 

placed at the two water surfaces perpendicular to the z-direction, where there were 97 polymer 

molecules in sys. P97_S0 and 198 in sys. P198_S0. Next, the box with water and polymers was 
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centered and extended along z-direction to 24 nm and filled with pre-equilibrated heptol. The box 

was finally translated along z direction by 12 nm to center heptol in the simulation box. Similar 

steps were followed to build the initial configurations for sys. P97_S1 – P97_S3 and P198_S1 – 

P198_S3, except that some water molecules were replaced by NaCl to obtain different salinities, 

as shown in Table 1. For sys. VP97_S0 and VP198_S0, as shown in Fig. 1 (bottom panel), 198 

VO-79 molecules were placed at the two water surfaces perpendicular to z-direction, followed by 

97 polymer molecules inserted in sys. VP97_S0 and 198 inserted in sys. VP198_S0. The box was 

extended along z-direction to 24 nm, filled with pre-equilibrated heptol, and then translated along 

z-direction, similar to sys. P97_S0 and P198_S0. This design of the initial configurations was 

chosen to mimic the practical situation where polymer demulsifiers were added to the continuous 

phase of oil in which water droplets were stabilized by interfacially active components such as 

asphaltenes. Sys. VP97_S1 – VP97_S3 and VP198_S1 – VP198_S3 were obtained by replacing 

water molecules with NaCl, similar to sys. P97_S1 – P97_S3 and P198_S1 – P198_S3, as shown 

in Table 1. 
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Figure 1. Schematics of building initial configurations for systems with polymer only (sys. 

P97_S0 or P198_S0, top) and for systems with pre-adsorbed VO-79 (sys. VP97_S0 or VP198_S0, 

bottom). Red dashed lines show that the center of the periodic box is translated to the edge of the 

box along z direction.  

 

All MD simulations were performed using GROMACS package 5.0.7 version [34–36] with 

GROMOS force field parameter set 54A7. [37] The force field parameters for heptane, toluene, 

VO-79, and polymer have been validated in our previous work. [38] The density of organic 

solvents and IFT of water/organic solvent interfaces were validated as shown in SI section SI1. 

Water molecules were represented by the Simple Point Charge (SPC) model, which is one of the 

commonly used water models (SPC, SPC/E, TIP3P and TIP4P) in MD simulations of interfacial 

problems involving salt. [39] Each system underwent a static energy minimization, 100 ns NVT 

and 100 ns NPT equilibration. Then, each system was subjected to a 40 ns simulation in NPnormalAT 

ensemble, where Pnormal was the isonormal pressure perpendicular to the x-y plane (i.e., in z-

direction), and A was the iso-interfacial area of the x-y plane. The v-rescaling thermostat was used 

to achieve constant temperature at 300 K, and Parrinello-Rahman [40] semi-isotropic pressure 

coupling was used to obtain constant pressure of 1 bar in z-direction. In all simulations, periodic 

boundary condition was applied to x, y, and z directions. LINCS [41] algorithm, full electrostatics 

with particle-mesh Ewald methods [42] was applied, and cut-off distance of 1.4 nm was used for 

van der Waals interaction. The results from the last 10 ns of the NPnormalAT simulations were used 

to calculate the IFT using the following equation [43]: 

𝛾 ൌ ଵ

ଶ
ሺ𝑝௭௭ െ

௣ೣೣା௣೤೤
ଶ

ሻ𝐿௭     (1) 
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where, pxx, pyy, pzz are respectively the diagonal components of the pressure tensor, and 𝐿௭ is the 

box length in z-direction. In SI section SI1, the IFT calculated from simulations were 34.5, 47.1 

and 42.1 mN/m respectively for water/toluene, water/heptane and water/heptol (75/25) interfaces. 

The corresponding experimental data were 35.8-36.1, 50.2-51.1 and ~46 mN/m [44,45]. The close 

values provided validation for the force field parameters and methodology used to calculate IFT.   

2.2 PMF calculation. 

In order to quantify the free energy of adsorption at the brine/heptol interface, PMF was 

calculated for two sets of systems. Similar procedures were followed to build the initial 

configurations as explained in the previous section, except that there was only a single adsorbate 

molecule in heptol. In the first set of simulations (sys. V1_S0 – V1_S3), each system contained a 

single VO-79 with the concentration of NaCl in water being 0%, 1.2%, 6%, and 11% wt., 

respectively. The initial sizes of the water and heptol boxes were respectively 555 nm3 and 

557 nm3. Each system in the second set of simulations (sys. P1_S0 – P1_S3) contained a single 

polymer molecule. The water and heptol boxes had the initial size of 101010 nm3 and 101012 

nm3.  

Each system underwent energy minimization, NVT (100 ps) and NPT (100 ps) equilibration, 

and production run (20 ns) with the same simulation parameters as described in the previous 

section. During the production run, the location (along z-direction) of water/heptol interface was 

determined by the intersection of the density profiles of water and heptol, which were recorded 

every 50 ps. The distance between the interface and the center of mass (COM) of the adsorbate, 

VO-79 or polymer, was calculated. The configuration that corresponded to the minimum distance 

was used as the initial configuration for steered MD (SMD) simulation. [46,47] During the SMD, 
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a harmonic potential (spring constant of 1000 kJ/(molnm2)) was applied on the COM of the 

adsorbate, which was pulled along z-direction from the water/heptol interface toward the bulk 

heptol phase at a pulling rate of 0.01 nm/ps. For the first set of simulations with VO-79 as the 

adsorbate, the pull time was 300 ps and the total displacement for the COM of VO-79 was ~ 3 nm. 

For the second set with polymer as the adsorbate, the pull time was 600 ps and the total 

displacement for the COM of the polymer was ~ 6 nm.  

PMF calculations were then performed with the reaction coordination () defined as the distance 

between the COM of the adsorbate and the location of the interface determined at the beginning 

of each SMD simulation. For each system (with a given adsorbate and NaCl concentration), a total 

of 30 configurations were extracted from SMD and used as the initial configurations for umbrella 

sampling (US). [48,49] During each US simulation, an external biasing potential with a spring 

constant of 10,000 kJ/(molnm2) was applied to the COM of the adsorbate. Each system underwent 

a brief NPT equilibration and 2 ns US simulation using SMD at zero pull rate. Weighted histogram 

analysis method (WHAM) [48,50] was used to analyze the data obtained from the US simulations 

and generate the PMF as a function of . The details of US are shown in SI section SI2.  

3. Results and Discussion  

3.1 Free energy of adsorption for a single adsorbate.  

Free energy profiles for the adsorption of VO-79 or polymer were obtained by PMF calculations 

using US as described in section 2.2. Fig. 2 shows the PMF as a function of , the location of the 

COM of the adsorbate relative to the water/heptol interface. The lowest value for  was obtained 

when the adsorbate was closest to the aqueous phase, as shown in Fig. 2a and 2d for sys. V1_S2 

and P1_S2 respectively (corresponding figures for the other systems are shown in SI section SI3). 

The largest value of  corresponded to the adsorbate near the center of the heptol phase (Fig. 2b 
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and e).  could take negative values if the adsorbate was found to penetrate into the water phase. 

The PMF for a single VO-79 molecule (sys. V1_S0 - V1_S3) and that for a single polymer 

molecule (sys. P1_S0 – P1_S3) are plotted in Fig. 2c and Fig. 2f, respectively. When the adsorbate 

molecule was far from the interface ( ~ 2-3 nm in Fig. 2c and  ~ 4-6 nm in Fig. 2f), the PMF 

curve reached a plateau and the average value over the plateau was used as the reference state 

(state 1) where the PMF was set to zero. The minimum in each PMF curve was referred to as state 

2, and the adsorption free energy was defined as the difference in PMF between states 2 and 1, 

∆𝐺ଶିଵ. ∆𝐺ଶିଵ was negative in all cases, suggesting favorable adsorption at the interface. In Fig. 

2c, the absolute free energy change (|∆𝐺ଶିଵ|) for sys. V_S0 (3.81 kCal/mol) was similar to that 

for sys. V1_S1 (3.70 kCal/mol). Sys. V1_S2 had the largest |∆𝐺ଶିଵ| (4.32 kCal/mol) and sys. 

V1_S3 had the smallest (3.36 kCal/mol), while the difference in |∆𝐺ଶିଵ| was insignificant among 

sys. V1_S0 – V1_S3. In Fig. 2f, |∆𝐺ଶିଵ| was smallest in sys. P1_S0 (12.68 kCal/mol), increased 

in sys. P1_S1 (14.95 kCal/mol), slightly decreased in sys. P1_S2 (13.55 kCal/mol) and then 

increased again in sys. P1_S3 (14.77 kCal/mol). 
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(b) 

 

(f) 

 
(c) 

 

(g) 

 
(d) 

 

(h) 

 
Figure 2. Snapshots of a single VO-79 molecule (sys. V1_S2) (a) located at brine /heptol interface 

and (b) far from the interface. Snapshots of a single polymer molecule (sys. P1_S2) (e) located at 

brine /heptol interface and (f) far from the interface. Red line: water; yellow: Na+; green: Cl-; cyan: 
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carbon; red: oxygen. PMF for the adsorption of (c) a single VO-79 molecule in sys. V1_S0 – 

V1_S3, and (g) for a single polymer molecule in sys. P1_S0 – P1_S3. Number of hydrogen bonds 

during SMD (d) between the single VO-79 and water molecules in sys. V1_S0 – V1_S3 and (h) 

between the single polymer molecule and water molecules in sys. P1_S0 – P1_S3. 

 

The number of H-bonds between VO-79 (or polymer) and water molecules during SMD is 

plotted in Fig. 2d and 2h. The values at state 2 are shown along with the legend. Due to the 

fluctuation in each curve, this value was calculated by averaging 5 data points nearest to state 2. 

In Fig. 2d, at  where the PMF was the lowest (state 2), there were only 1-2 hydrogen bonds (H-

bonds) between VO-79 and water for sys. V1_S0 – V1_S3, whereas the H-bonds between polymer 

and water was 4 to 10 times higher (ranging from 8 to 11 for sys. P1_S0 – P1_S3), as shown in 

Fig. 2h. This drastic difference led to much larger |∆𝐺ଶିଵ| of a single polymer compared with VO-

79. One of the requirements for a polymer demulsifier to be effective is that it has a higher affinity 

to the interface than asphaltenes and can therefore penetrate the asphaltene film. [51] The PMF 

data in Fig. 2c and 2g confirmed that the PEO5-PPO10-PEO5 copolymer possessed this property. 

Fig. 2 also shows that the addition of NaCl had different influences on the adsorption free energy 

of VO-79 and the polymer: it enhanced |∆𝐺ଶିଵ| for the polymer while having insignificant impact 

on |∆𝐺ଶିଵ| for VO-79. H-bonding data in Fig. 2d and 2h agreed with this observation: when NaCl 

was added, the number of H-bonds between water and VO-79 at state 2 either did not change (for 

sys. V1_S1 and V1_S2) or decreased (for sys. V1_S3), whereas the number of H-bonds between 

water and the polymer increased from 8 in sys. P1_S0 to 10 or 11 in sys. P1_S1 – P1_S3. It suggests 

the presence of salting-in effect [52,53] in sys. P1_S1 – P1_S3 where the addition of NaCl 

promoted the solubility of the polymer’s hydrophilic PEO blocks in the aqueous phase. In fact, 
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among sys. P1_S1 – P1_S3, sys. P1_S2 had the largest density of NaCl near the interface (SI 

section SI4), which reduced the interaction between polymer and water, and as a result its |∆𝐺ଶିଵ| 

was the smallest. Contrary to the polymer, the added NaCl was unable to induce the salting-in 

effect for VO-79.  

 

3.2 Molecular distributions near interfaces. 

The density profiles along z direction for all components in sys. P97_S0, P198_S0, VP97_S0, 

VP198_S0 are plotted in Fig. 3. Each density profile was averaged over the last 10 ns of the 

simulation when the system reached equilibrium. For sys. P97_S0 (Fig. 3a) and P198_S0 (Fig. 3b), 

there were two sharp peaks for the density distribution of polymers, which were located at the 

water/heptol interface. As shown in the corresponding snapshots, in each system the polymers 

were adsorbed and formed a film on each of the two interfaces. In sys. VP97_S0 (Fig. 3c), the 

density profile for the polymer had two sharp peaks which were located closer to the water phase 

than the peaks for VO-79. With a higher concentration of polymers in sys. VP198_S0 (Fig. 3d), 

the density profile of polymers had two broad peaks at the water/heptol interfaces, while sharp 

peaks were observed for VO-79 and located within the broad peaks of the polymers. Recalling that 

in both sys. VP97_S0 and VP198_S0, the VO-79 molecules pre-adsorbed at the water surfaces 

before the polymer molecules were added next to them, the results implied that the polymers 

penetrated into the VO-79 film, ultimately leading to the formation of polymer/VO-79 complexes 

where VO-79 molecules were embedded in the polymer film. Data in SI sections SI5 confirmed 

that there were stronger interactions between water and polymer than between water and VO-79, 

also consistent with the PMF result for a single adsorbate observed in section 3.1. Density profiles 

for all components (except ions) in sys. P97_S1 – P97_S3, P198_S1 – P198_S3, VP97_S1 – 
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VP97_S3 and VP198_S1 – VP198_S3 as well as the corresponding final configurations were 

plotted in SI section SI6. Similar observations were obtained for the density profiles of polymers 

and VO-79 in these systems, indicating that qualitatively the distributions of polymers and VO-79, 

and the formation of a VO-79-in-polymer interfacial film structure, were not affected by the 

addition of NaCl. 
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Figure 3. Snapshots of final configurations (top; red lines: water, cyan and red: carbon and oxygen 

atoms in polymer, pink spheres: atoms in VO-79) and density profiles (bottom) for all components 

in (a) sys. P97_S0, (b) sys. P198_S0, (c) sys. VP97_S0, and (d) sys. VP198_S0.  

 

Number densities of NaCl are shown in Fig. 4a for sys. VP97_S1 – VP97_S3 and VP198_S1 - 

VP198_S3, and in SI section SI6 for the other systems. The two vertical dashed lines in Fig. 4a 

(a) 

(c) (d) 

(b) 
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represent the Gibbs dividing planes at the two interfaces [54] which, according to Fig. 3, exhibited 

symmetric nature with respect to the center of the simulation box. The surface excess of NaCl, 

Γே௔஼௟
௘௫௖௘௦௦, can be obtained from the following equation [54]: 

Γே௔஼௟
௘௫௖௘௦௦ ൌ ׬ 𝑐ே௔஼௟ሺ𝑧ሻ𝑑𝑧

௭బ
௭ಹ

൅ ׬ ሺ𝑐ே௔஼௟ሺ𝑧ሻ െ 𝑐ே௔௖௟
௕௨௟௞ሻ𝑑𝑧

௭ಳ
௭బ

     (2) 

where, 𝑐ே௔஼௟ሺ𝑧ሻ is the number density of NaCl at z and 𝑐ே௔஼௟
௕௨௟௞  is the bulk number density of NaCl 

in the solvent (water). The Gibbs dividing plane (𝑧଴) is defined as the location where the surface 

excess of water reaches zero. [54] Fig. 4b shows an example, for one of the interfaces in sys. 

VP97_S2, where the Gibbs dividing plane was located near z = 20 nm. The orange shaded region, 

to the right of 𝑧଴, has the same area as the cyan shaded region to the left of 𝑧଴. 𝑧ு in equation (2) 

is the location of the bulk heptol phase, in this case a few nm away to the left of the Gibbs dividing 

plane, and 𝑧஻ is the location where the NaCl number density reaches 𝑐ே௔஼௟
௕௨௟௞ . In Fig. 4b, the number 

density of NaCl was negligible between 𝑧ு and 𝑧଴, and gradually increased to a plateau in at 𝑧஻. 

Consequently, the first integral in equation (2) is negligible compared with the second integral, 

which is negative since 𝑐ே௔௖௟
௕௨௟௞  is greater than 𝑐ே௔஼௟ሺ𝑧ሻ from 𝑧଴  to 𝑧஻ . Defining 𝑐ே௔௖௟

௕௨௟௞  from the 

average of 𝑐ே௔஼௟ሺ𝑧ሻ at five largest z (> 𝑧஻) values, Γே௔஼௟
௘௫௖௘௦௦ for the interface near z = 20 nm in sys. 

VP97_S2 was calculated to be -0.93 μmol/m2. Γே௔஼௟
௘௫௖௘௦௦ for the interface near z = 5 nm (Fig. 4a top 

middle) can be similarly calculated, with a change in the direction of integration (going towards 

left from bulk heptol in the middle to bulk water located on the left).  

Fig. 4c summarizes the Γே௔஼௟
௘௫௖௘௦௦  values, which were negative for all systems. For the same 

system, Γே௔஼௟
௘௫௖௘௦௦ on the two interfaces exhibited some differences, as the distributions of molecules 

around them were not identical. There were also limitations associated with the calculations for 

systems that had the highest salinity, since the number density in bulk water was non-uniform (see 

Fig. 4a, right panels). As a result, 𝑐ே௔௖௟
௕௨௟௞ was difficult to define, although in our calculations we still 
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used the average of 𝑐ே௔஼௟ሺ𝑧ሻ at five largest z values (for the right interface) and at five lowest z 

values (for the left interface), for the sake of consistency. Nevertheless, a clear trend could be 

observed as the NaCl concentration increased: with the same type and concentration of adsorbates, 

higher NaCl concentration led to larger |Γே௔஼௟
௘௫௖௘௦௦|.  

 

 

(c) Surface excess of NaCl (μmol/m2) 

Sys.  VP97_ VP198_ P97_ P198_ 

S1 
-0.09 
-0.19 

-0.20 
-0.26 

-0.19 
-0.21 

-0.17 
-0.20 

S2 
-1.44 
-0.93 

-1.61 
-1.51 

-0.48 
-0.86 

-1.05 
-1.05 

S3 
-5.07 
-11.2 

-8.45 
-9.88 

-13.3 
-15.9 

-12.7 
-10.0 

 

Figure 4. (a) Number density profiles of NaCl for sys. VP97_S1 – VP97_S3 and VP198_S1 – 

VP198_S3 (yellow regions shown in sys. VP97_S2 are the surface excess); (b) Illustration of 

Gibbs dividing plane (z0) and calculation of surface excess in sys. VP97_S2; and (c) Table of 

Γே௔஼௟
௘௫௖௘௦௦ (in μmol/m2) for all studied systems; two values in each system are for the two interfaces. 

 

Negative Γே௔஼௟
௘௫௖௘௦௦ values in Fig. 4c confirmed that NaCl was depleted from the interface and 

dissolved in bulk water. With Na+ and Cl- ions in the aqueous phase, the water molecules form a 

cage-like hydration shell around the ions. [55,56] Water near an interface is exposed to another 

(a) 

(b) 
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phase so that the hydration shells for ions are disrupted, resulting in the tendency of ions being 

depleted from the interface. [55] In addition, Fig. 4a shows that at very high salinity, the 

distribution of NaCl in bulk water was non-uniform and even had a prominent peak in the case of 

11 wt.% NaCl, suggesting the possibility of salt ion aggregation [57–59]. To examine this, radial 

distribution function (RDF) for the COM of water molecules with respect to Na+ and Cl- ions are 

plotted in Fig. 5a for control sys. C_S1 – C_S3 and in Fig. 5b for sys. VP198_S1 – VP198_S3. As 

shown in Fig. 5a, the RDF curve had its first prominent peak located at ~ 0.25 nm and the first 

minimum at ~0.28 nm. The number of water molecules within the first hydration shell (NHS) was 

quantified by the cumulative number where the RDF curve reached the minimum, and the values 

are shown in each subfigure. NHS decreased slightly from sys. C_S1 to C_S2 and decreased 

drastically from sys. C_S2 to C_S3. With higher NaCl concentration in sys. C_S2 than in sys. 

C_S1, there was higher probability for salt ions to associate instead of being solvated by water, 

causing a small reduction in NHS. The aggregation of salt ions was more pronounced in sys. C_S3, 

as shown in SI section SI6, and NHS decreased significantly. A similar trend was observed for sys. 

VP198_S1 – V198_S3 (Fig. 5b) and the other systems (SI section SI7). Additionally, NHS in sys. 

P97_S3, P97_S3, VP97_S3 and VP97_S3 ranged from 0.93 to 0.96, which was lower than the 

value (1.57) for the corresponding control system C_S3 without adsorbates, indicating that the 

aggregation of salt ions was more pronounced in the systems with adsorbates. A plausible 

explanation is that with the adsorbates, the water molecules tended to interact with the adsorbates 

at the interface, thus less water was available to form hydration shells for the salt ions. Interestingly, 

the PMF results for a single polymer suggested that the addition of NaCl was associated with 

enhanced polymer/water interaction (increased |∆𝐺ଶିଵ|), which was in line with the reduced ion 

hydration observed here.  
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Figure 5. RDF for the COM of water molecules with respect to Na+ and Cl- ions, averaged over 

the last 5 ns of simulation, for (a) sys. C_S1 – C_S3 and (b) sys. VP198_S1 – VP198_S3. The 

radius of the first hydration shell was defined as the location of the first minimum in each RDF 

curve, marked by dashed black line. Cumulative number of water molecules in the first hydration 

shell (NHS) is shown along with the legend for each system.  

 
3.3 Interfacial tension.  

Water/heptol IFT for all simulated systems are summarized in Fig. 6. Data was collected every 

1 ns during the last 10 ns of the NPnAT simulations, and the averages are shown as symbols with 

their standard deviations indicated by error bars. Data for the control systems without adsorbates 

(sys. C_S0-C_S3) were clearly above those for the other systems, indicating that the adsorption of 

surface-active components resulted in a decrease in IFT. Similar reduction was reported 

experimentally and theoretically for water/toluene interface. Specifically, the water/toluene IFT 

was in the range of 35.8-36.1 mN/m [44], while the value decreased to 12.0-13.1 mN/m with the 

addition of 200 ppm Poloxamer 181 (a PEOx-PPOy-PEOz polymer) [60]. In addition, at the same 

NaCl concentration, Fig. 6 shows that higher concentration of a given type of adsorbates caused 

greater reduction in IFT (e.g., P198_S0 vs. P97_S0, VP198_S1 vs. VP97_S1). In the absence of 

adsorbates (sys. C_S0-C_S3), the IFT increased slightly when NaCl concentration increased from 

(a) (b) 



  22

0 to 1.2 wt.%, rose more evidently as NaCl concentration increased to 6 wt.%, and then slightly 

decreased at 11 wt.% NaCl concentration. The effect of NaCl concentration on the IFT followed 

the similar trend for sys. P97_S0 – P97_S3 and sys. P198_S0 – P198_S3. For systems with both 

VO-79 and polymers, the IFT increased when NaCl concentration increased from 0 to 1.2 wt.%, 

and then decreased with further increase of NaCl concentration up to 11 wt.%.  

 

 

Figure 6. Interfacial tension of water/heptol interfaces vs. the concentration of NaCl. 

 

According to the Gibbs adsorption isotherm [61], the difference in interfacial tension d , 

between a pure water/oil interface and the interface with surfactants, is a function of the bulk 

concentration of surface-active species in the solution, Ci, given by the following equation: 

𝑑𝛾 ൌ െ𝑅𝑇∑𝛤௜ 𝑑ln𝐶௜     (3) 

where, R is the gas constant, T is the absolute temperature, 𝛤௜ is the equilibrium surface excess for 

component i; the summation taken over all the solutes in the solution. As discussed in Fig. 4, Na+ 

and Cl- ions were depleted from the interface and Γே௔஼௟
௘௫௖௘௦௦ ൏ 0 , so that the water/heptol IFT 
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increased upon increasing NaCl concentration ሺ𝑑ln𝐶ே௔஼௟ ൐ 0ሻ from 0 to 6 wt.% in the control 

systems (C_S0 – C_S2) as shown in Fig. 6. The increasing trend of IFT upon increasing salt 

concentration has been reported in many studies that incorporated pure hydrocarbon as the oil 

phase. [8,62] Our results for NaCl concentration up to 6 wt.% were consistent with these previous 

reports. However, in this work the IFT in sys. C_S3 with 11 wt.% of NaCl was similar to sys. 

C_S2, which was attributed to salt aggregation in highly concentrated solutions.  In fact, the linear 

correlation between 𝑑𝛾 and 𝑑ln𝐶 as stated by the Gibbs adsorption isotherm (equation 3) is only 

applicable when the concentration C is below a critical micelle concentration of a surfactant [63]. 

When C was sufficiently high, γ was reported to remain almost constant as C increased [63]. 

Consistently, in this work, the IFT did not show an evident change when the NaCl concentration 

increased from 6 wt.% in sys. C_S2 to 11 wt.% in sys. C_S3.  

As shown in Fig. 3, the polymers adsorbed at the interface and their bulk concentrations in both 

heptol and aqueous phases was negligible. Performing a calculation analogous to equation (2), the 

surface excess of polymer, Γ௣௢௟௬௠௘௥
௘௫௖௘௦௦ , was 1.12 μmol/m2 for systems with 97 polymer molecules 

(sys. P97_S0 – P97_S3 and sys. VP97_S0 – VP97_S3) and 2.28 μmol/m2 for systems with 198 

polymer molecules (sys. P198_S0 – P198_S3 and sys. VP198_S0 – VP198_S3). Γ௣௢௟௬௠௘௥
௘௫௖௘௦௦  was 

insensitive to NaCl concentration because in all systems the polymers were fully adsorbed. The 

positive Γ௣௢௟௬௠௘௥
௘௫௖௘௦௦  suggested that increasing the polymer concentration (𝑑ln𝐶௣௢௟௬௠௘௥ ൐ 0) would 

result in the reduction of IFT, which was confirmed by Fig. 6. In addition, similar to sys. C_S0 – 

C_S3, the IFT for sys. P97_S0 – P97_S3 and P198_S0 – P198_S3 followed a non-monotonic trend 

as the NaCl concentration increased. With ionic surfactants present in the system, a previous study 

stated that increasing the salt concentration could cause the reduction of IFT, due to the interaction 

between ionic surfactants and salt ions at the interface. [55] On the contrary, with non-ionic 
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surfactants, IFT of toluene/brine was reported to increase when the NaCl concentration increased 

from 0 to 15 wt.%. [55] The first prominent peak in the RDF of NaCl ions with respect to the 

polymer (SI section SI8) implied the existence of interaction between ions and polymers, but the 

intensity was much lower than that between water and polymer (SI section SI5). The 

polymer/water interaction was therefore facilitated by NaCl ions not through polymer/ion 

interaction, but through the ion depletion from the interface. Jian et al. reported that the reduction 

in the IFT of water/toluene interface upon the addition of interfacial-active molecules was 

correlated to the H-bonds formed at the interface. [27] The number of H-bonds between polymers 

and water (Fig. 7a) had a negligible difference among sys. P97_S0 – P97_S3 and among sys. 

P198_S0 – P198_S3. This was different from the case of single polymer adsorption, where the 

salting-in effect increased the solubility of hydrophilic PEO blocks in the polymer and its H-bonds 

with water (discussed in Fig. 2h). The same phenomenon not observed when a polymer film was 

formed, restraining the mobility of individual chains. Since the concentration of the polymer was 

constant among sys. P97_S0 – P97_S3 (and among sys. P198_S0 – P198_S3), the contribution of 

dlnCpolymer to d in equation 3 was expected to be similar. The difference in d was therefore caused 

mainly by dlnCNaCl, resulting in the same IFT trend in sys. P97_S0 – P97_S3 (and sys. P198_S0 – 

P198_S3) as compared to the control systems. The role of polymer here was to cause an overall 

reduction of the IFT compared to sys. C_S0 – C_S3. 

With the co-adsorption of VO-79 and polymers, the IFT curve for sys. VP97_S0 – VP97_S3 

was further lowered compared with sys. P97_S0 – P97_S3 containing solely the polymers. The 

surface excess of VO-79, Γ௏ைି଻ଽ
௘௫௖௘௦௦, was calculated to be 2.17 μmol/m2 for sys. VP97_S0 – VP97_S3. 

This positive value was consistent with the reduction in  brought by VO-79, which was also 

observed in the literature upon the increase of asphaltene concentration. [12,64] The total number 
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of H-bonds between adsorbates and water slightly increased from sys. P97_S0 – P97_S3 (Fig. 7a) 

to sys. VP97_S0 - VP97_S3 (Fig. 7b), which agreed with the finding of Jian et al. that the increase 

of H-bond led to the lowering of IFT. [27] In sys. VP97_S0 – VP97_S3, there were two types of 

adsorbates (97 polymers and 188 VO-79 molecules), and they had different contributions to H-

bond formation with water. The number of H-bonds was in the range of 179-188 between VO-79 

and water, and 612-632 between polymer and water. The snapshots and density profiles (Fig. 3 

and SI section SI6) suggested that the interfacial film possessed a structure where the VO-79 

molecules and their aggregates (see SI section SI9 for VO-79 aggregation data) were embedded in 

the polymer network, as shown schematically in Fig. 7c. Such a structure facilitated H-bond 

formation by the polymers while limiting H-bond formation by VO-79. As a result, although 

aggregation of asphaltenes was reported to impact water/toluene IFT [28], evident correlation 

between aggregate size of VO-79 and IFT was not found in this work (see SI section SI9). One 

should not, however, neglect the relatively small amount of H-bonds formed by VO-79 with water. 

As seen in Fig. 2d and 2h, the number of H-bonds between a single polymer and water was 4-10 

times that between a single VO-79 and water, while the magnitude of the adsorption free energy 

had only 3.1-4.4 times difference. It indicated that the adsorption free energy was more sensitive 

to the change in the number of VO-79/water H-bonds. From sys. VP97_S0 to VP97_S1, the 

number of VO-79/water H-bonds decreased from 188 to 179, while the number of polymer/water 

H-bonds increased from 623 to 632. The evident increase of IFT in VP97_S1 was attributed to the 

reduction of VO-79/water H-bonds and increase in ln𝐶ே௔஼௟. From sys. VP97_S1 to VP97_S2, the 

number of VO-79/water H-bonds slightly increased to 183, while the number of polymer/water H-

bonds decreased to 612. The former tended to decrease the IFT while the latter, along with the 

increase in ln𝐶ே௔஼௟, tended to increase the IFT. In Fig. 6, the average IFT showed a small decrease 
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from sys. VP97_S1 to VP97_S2, but the change was within the standard deviation. The decrease 

in IFT from sys. VP97_S2 to VP97_S3 was consistent with the increase in the number of both 

VO-79/water and polymer/water H-bonds.  

(a) 

 

(b) 

 

(c) 

 

Figure 7. (a) Number of H-bonds between water and polymer in sys. P97_S1 – P97_S3 (blue) and 

sys. P198_S1 – P198_S3 (cyan); (b) Number of H-bonds between water and polymer (blue), and 

between water and VO-79 (orange) in sys. VP97_S - VP97_S3. Number of H-bonds between water 

and polymer (cyan), and between water and VO-79 (yellow) in sys. VP198_S0 – VP198_S3; (c) 

Schematics of interfacial films with low (left) and high (right) concentrations of polymers.  
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For sys. VP198_S0 – VP198_S3, the number of H-bonds between polymer and water (793-853) 

was significantly higher and varied more evidently than that between VO-79 and water (165-178), 

as shown in Fig. 7b. Compared with sys. VP97_S0 – VP97_S3 where the number of VO-79/water 

H-bonds was in the range of 179-188, the increased amount of polymers provided stronger 

shielding for the interaction of VO-79 with water. The change in IFT was therefore mainly 

influenced by the polymer/water interaction. In fact, the IFT for sys. VP198_S0-VP198_S3, as 

shown in Fig. 6, was reversely correlated to the number of polymer/water H-bonds (Fig. 7b). It is 

also interesting to see from Fig. 7 that less H-bonds were formed between water and the adsorbates 

in sys. VP198_S0 – VP198_S3 as compared to sys. P198_S0 – P198_S3, although the former set 

of systems contained 188 VO-79 molecules in addition to the same number of polymers. The 

complexation of polymer with VO-79 at the interface not only restricted the access of VO-79 to 

water, but also reduced the interaction of water with the adsorbates as a whole. Overall, with both 

polymer and VO-79 at the interface, the non-monotonic effect of salinity on IFT remained, but the 

transition occurred at a lower concentration compared with systems not containing VO-79.  

Change in IFT is often accompanied by redistribution of charges in the interfacial region [65]. 

Fig. 8 examines the charge density distribution for individual components and their sum near one 

of the interfaces, around z = 5 nm. For all the systems, the total charge density exhibited a negative 

peak on the left (further from the oil phase) and a positive peak on the right (closer to the oil phase), 

separated by a distance of ~ 2 nm. These two peaks coincided with the corresponding peaks for 

the charge distribution of water, suggesting that the orientation of water molecules was a major 

source of the induced interfacial polarity. In addition, in the systems with only polymers (first two 

rows in Fig. 8), the two curves for water and the entire system almost overlapped, indicating that 

water orientation played a dominant role. With both VO-79 and polymers at the interface (last two 
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rows in Fig. 8), the two curves for water and the entire system showed deviations. While the charge 

distribution of water still had one negative peak and one positive peak, a second positive peak 

appeared in the charge density of the entire system (closer to the oil phase). As well, the first 

positive peak (at around z = 4.5 nm) was noticeably lower than the peak in the water charge density 

distribution. Both changes correlated with the charge density distribution of VO-79, and hence 

VO-79 contributed to reducing the interfacial polarity. The effect of NaCl on the interfacial 

polarity was subtle: the charge density curves for NaCl exhibited multiple peaks with no clear 

correlation with the total charge density distribution. It is more likely that the influence of NaCl 

was manifested through the charge distribution of water, since surface depletion of NaCl and 

aggregation of the salt ions both impacted the water structure.  
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Figure 8. Charge distribution along z direction for the interface near z = 5 nm. Left to right: sys. 

P97_S0 – P97_S3 (first row), sys. P198_S0 – P198_S3 (second row), VP97_S0 – VP97_S3 (third 

row), and sys. VP198_S0 – VP198_S3 (fourth row). 
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This work showed a non-monotonic, first increasing and then decreasing, trend for the effect of 

NaCl concentration on the IFT at water/heptol interface. Previous studies have reported that the 

IFT of water/asphaltene-in-pentol interface, [13] water/asphaltene-in-toluene interface [27] and 

water/crude oil interface [66] increased with increasing salt concentration. This work reached a 

partial agreement with the statement that NaCl ions tended to have negative surface excess that 

resulted in the increase of IFT. Highly concentrated NaCl, however, resulted in salt ion aggregation 

and IFT reduction. It was also proposed in the literature that some surface-active species tended to 

interact with the salt ions; consequently increasing salinity might enhance the interfacial 

accumulation of surface-active species in oil and reduce the IFT. [7] In this work, NaCl ions, which 

were depleted from the interface, had negligible interactions with VO-79 and limited interaction 

with polymer molecules. In fact, in the absence of VO-79 the IFT change was largely dependent 

on the negative surface excess of NaCl when the concentration of polymer was kept constant (sys. 

P97_S0 - P97_S3 or sys. P198_S0 - P198_S3). Consistently, the H-bond formation in sys. P97_S0 

- P97_S3 and sys. P198_S0 - P198_S3 had insignificant difference at different NaCl 

concentrations, and the charge distributions in these systems were almost solely dependent on the 

water orientation. With the presence of VO-79 and formation of VO-79/polymer complexes on the 

interface, the IFT was under the mutual effect of interfacial behaviors of both types of adsorbates. 

Firstly, the orientation or charge distribution of VO-79 counteracted with the charge distribution 

of water, reducing the interfacial polarity. Secondly, IFT was correlated negatively with the 

number of H-bonds between the adsorbates and water: the IFT was more sensitive to the change 

in VO-79/water H-bonds in sys. VP97_S0 - VP97_S3, but highly dependent on the polymer/water 

H-bonds in sys. VP198_S0 - VP198_S3 when the VO-79/water interaction was further shielded 

by the polymers.  
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It is commonly accepted that surface-active components can adsorb at the oil/water interface 

and reduce the IFT, which stabilizes the interface. [28] Adding low concentration of NaCl may 

increase the IFT of the interface with polymer or with polymer/VO-79 complexes, which would 

be beneficial for the destabilization of water/oil emulsion. It should be noted, however, that IFT 

was not the only indicator for the stability of the interface, and other factors could also play a role, 

such as the interfacial viscoelasticity [67]. Finally, as pointed out in the Introduction, different salt 

types may have different effects on the stability of oil/water interface. While NaCl was studied in 

this work, effect of other salt type should be further explored.  

 

4. Conclusion  

Molecular dynamics simulations were performed to investigate the effect of salinity on the 

stability of water/heptol interface with adsorbed polycyclic aromatic compound (VO-79) and non-

ionic surfactant (PEO5-PPO10-PEO5). The adsorption free energy of single VO-79 and polymer 

were quantified by the potential of mean force calculations. By introducing NaCl to the aqueous 

phase, the magnitude of the adsorption free energy for VO-79 had an insignificant change and that 

for polymer was enhanced. The interfacial tension (IFT) at water/heptol interface was calculated 

and correlated to the negative surface excess of salt ions and the adhesion of VO-79/polymer 

complex. The IFT at water/heptol interface increased when NaCl concentration increased from 0 

to 6 wt.%, then slightly decreased as the concentration further increased to 11 wt.%. This non-

monotonic trend was observed when there were no adsorbates, or with only polymers adsorbed. 

With the formation of VO-79/polymer complex, the IFT trend changed from increasing to 

decreasing at a lower, 1.2 wt.%, NaCl concentration, which was caused by the mutual effects of 

VO-79/water and polymer/water H-bonds, as well as the surface excess of NaCl. 
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