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Abstract 
 

All-atom molecular dynamics (MD) simulations are used to study the structural and 

thermodynamic properties of water + n-heptane interfacial systems in the presence of salinity 

(NaCl, NaI, KCl, and KI) and two different nonionic surfactants.  Excellent qualitative and 

quantitative agreement with interfacial tension experimental data is obtained, but this requires 

applying a charge scaling factor to the ionic species, suggesting the likely role of polarizability 

effects.  Tensoactive behavior is observed for the NaI and KI systems, coinciding with layering 

of the iodide species near the interface.  There are significant interaction differences between the 

surfactants and the different ionic species, but the structural and thermodynamic behavior of the 

surfactant molecules is relatively unaffected by the specific salt species.  Our analysis suggest 

that the surfactant-surfactant interactions play a critical role in determining the interfacial 

behavior, with a much smaller impact associated with the composition of the brine phase. 
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1. Introduction  

 

Inhomogeneous systems are of great importance in several industrial fields.  For instance, 

with regards to water flooding processes for enhanced oil recovery (EOR), there is a clear need 

for systematic studies that identify ways to control interfacial tension and wettability.  Due to 

their amphiphilic nature, surfactants injected during water flooding improve oil removal from 

reservoirs; several mechanisms have been proposed to explain the role of the surfactants.1–3 

Besides surfactants, the presence of ionic species also influences the interactions between the oil 

and water phases. The change in rock wettability caused by the salinity of the aqueous phase is 

an important mechanism involved in EOR.  However, salinity also affects the fluid-fluid 

interactions and oil-water interfacial tension in complex ways, since there are a variety of 

compounds present in the oil phase, specifically those containing acid sites.4,5 

Due to their low toxicity, sorbitan oleates (Spans) and polyoxyethylene sorbitan fatty acid 

esters (Tweens) are commercial surfactants widely used in the pharmaceutical, cosmetic, and 

food industries.6–10 Their emulsification capacity and effect on rheology and kinetics of 

interfacial properties have been experimentally studied in detail.11–14 For instance, Capdevila et 

al.15 identified the influence of surfactant:oil ratio and length of the carbon tail on the stability of 

highly concentrated water/oil/Span 80 emulsions.  Bak et al.16 reported measurements of the 

interfacial tension of toluene/water and air/water systems in the presence of different types of 

Tweens.  Cao et al.17 evaluated the effect of these surfactants’ molecular structure on emulsions’ 

stability, verifying higher stability with increased tail length and decreased number of 
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unsaturated bonds.  The synergistic effects of these surfactants on emulsion stability have also 

been investigated, due to their different affinities for water and oil phases.18 

The aggregation behavior of surfactants is generally affected by the presence of salts. 

Although electrostatic interactions do not contribute to the micellization free energy of non-ionic 

surfactants, the presence of salts can affect the solubility of the tail and head of the surfactant.  

Therefore, the activity coefficients estimated from these solubility values are also modified by 

the presence of salts.  Besides, even though the heads of nonionic surfactant are charge-neutral, it 

has been shown that the adsorption of ionic species within the interfacial region can play an 

important role in the overall interfacial behavior.19 In a combined theoretical-experimental study 

of polyethoxylated alcohol-type surfactants (CxEOy), Carale et al.20 concluded that salts have a 

more pronounced effect on the hydrophobic chain in relation to the hydrophilic head, causing a 

decrease in the solubility of alkyl groups.  Experiments also showed a decrease in CMC and 

surface tension in the presence of salts.  Also, Al-Sabagh et al.21 found that the presence of salts 

tends to decrease the cloud point temperature, and this was also observed in the experiments 

reported by Hadji et al.22 for alkyl ether/brine systems.  

According to Imperatore et al.,23 the presence of inorganic electrolytes affects the 

aggregation behavior of surfactants, modifying intramolecular and intermolecular interactions.  

For ionic surfactants, the aggregation mechanisms can be explained in terms of electrostatic 

interactions, while for non-ionic surfactants these mechanisms are still not well understood.  The 

authors used pulsed gradient spin-echo NMR to determine the self-diffusion coefficients in a 

mixture of several alkaline and alkaline-earth metal chlorides.  The results showed that for 
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CxEOy surfactants, the presence of electrolytes caused a decrease in the CMC, although the 

micelle size was unaffected. These results were attributed to the dehydration of the alkyl chains 

and the ethoxylated chains.  

Molecular dynamics (MD) simulations are a powerful tool for investigating several 

interfacial phenomena, namely, the packing of surfactants within the interfacial monolayer,24 the 

effect of nanoparticles and surfactants on interfacial tension (via coarse-grained simulations),25,26 

and even the electrocoalescence of water droplets in the presence of surfactants.27 In addition, 

MD can be used to directly investigate ionic specificity effects.28–30 More specifically, 

Underwood et al.31 evaluated different force fields to calculate the interfacial properties of a 

water/decane/NaCl system.  In other work, Abdel-Azeim et al.32 investigated the effect of 

organic acids and divalent ions at the brine/oil interface.  By combining both surfactants and 

ions, several authors have obtained a more realistic picture of water/oil interfacial systems, 

specifically with regards to interfacial tension characterization and the study of the impact of 

ionic strength on the interfacial structure.  Nan et al.33 assessed the effects of charge and 

concentration of ions at the sodium dodecyl sulfate (SDS) monolayer. Riccardi et al.34 focused 

on the AOT (dioctyl sodium sulfosuccinate) ionic surfactant, concluding that divalent ions (e.g., 

calcium) cause inhomogeneities in the interfacial occupation due to clustering behavior from 

electrostatic interactions.  Finally, Alonso et al.35 investigated the effect of inorganic ions 

coupled with polyoxyethylene nonionic surfactants on the interfacial tension of water/oil 

systems, observing that cations primarily interact with the head groups altering the organization 

of surfactants at the interface.  These changes in the interfacial region disrupt water/dodecane 

and water/surfactant interactions, altering the interfacial tension of the overall system. 
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Although several studies have attempted to correlate the macroscopic properties of 

interfacial systems to their behavior at a molecular level using MD simulations, little effort has 

been made to investigate the synergistic effects between surfactants and ions, specifically for 

nonionic surfactants.  In this work, we use all-atom MD simulations to study water + n-heptane 

interfacial systems in the presence of both salinity and two different nonionic surfactants.  

Despite structural differences, some Span and Tween-type surfactants maintain similar features.  

For example, Span 80 and Tween 80 contain the same unsaturated hydrophobic tail, but only 

Tween 20 has an ethoxylated head.  Similarly, Span 20 and Tween 20 have the same saturated 

hydrophobic tail, but the Tween 20 head contains ethylene oxides.  In this work, we chose Span 

80 and 2-(2-(3,4-bis(2-hydroxyethoxy)tetrahydrofuran-2-yl)-2-(2-hydroxyethoxy)ethoxy)ethyl 

dodecanoate (TED) to investigate how salinity affects these commercial surfactants.  We used a 

TED surfactant to avoid a large difference in hydrophilicity with respect to the Span 80 

surfactant.  The ion specificity for different ionic pairs is evaluated at three different surfactant 

concentrations, as well as analyses of interfacial tension, interfacial structure (i.e., density 

distributions), surfactant tilt angles, and hydrogen bonding.  Furthermore, we quantify the 

transfer free energy of the surfactant molecules across bulk phases (passing through the 

interfacial region), by calculating the potential of mean force (PMF).  Based on the PMFs, we 

evaluate the solubility free energy differences, and therefore, the affinity of the surfactants within 

each phase. 

2. Molecular Simulation Methodology 

Here, Gromacs 2021.1 is used to perform the MD simulations.36,37 The non-bonded and 

bonded interactions of the studied surfactants and n-heptane are modeled using the OPLS-AA 
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force field;38–40 the SPC/E water model is used to model water interactions.31,41 The force field 

parameters are obtained using the LigParGen web-server,38 and consistent with the OPLS-AA 

force field, geometric mixing rules are used to obtain unlike pair interactions.  Before initiating 

the classical MD simulations, the molecular structures are optimized using density functional 

theory at the B3LYP/6-31+(d,p) level of theory using Gaussian09.42 Figure S1 shows the 

electrostatic surface map of Span 80 and TED.  Then, based on the optimized structures, the 

1.2*CM5 method is used to calculate the partial atomic charges.43,44 Notably, it was shown 

before that the combination of the 1.2*CM5 method and the OPLS-AA force field leads to good 

predictions of the thermodynamic properties of several organic compounds.43 Consistent with the 

OPLS-AA force field, a cut-off radius of 1.0 nm is used for the Lennard-Jones (LJ) and 

coulombic interactions.  Due to the inhomogeneity of the interfacial systems, the Particle Mesh 

Ewald (PME)45 method is used to calculate the long-range corrections to both the LJ and 

coulombic interactions.  In the simulations performed here, H-bonds are constrained using the 

LINCS algorithm.  A time step of 2 fs is used; periodic boundary conditions are applied in all 

directions, and the leapfrog algorithm is used to integrate the equation of motion. The key 

features of the Gromacs input and topology files are included as Supporting Information. 

To investigate the influence of the ionic species’ force field on the description of the 

interfacial properties, we evaluate the default force field distributed in Gromacs 2021.1 (i.e., the 

standard OPLS-AA force field),36,46–48 as well as the force field proposed by Joung and 

Cheatham.49 We also quantify the impact of charge scaling on the OPLS-AA force field.  Over 

the past few years, charge scaling has proved to be a computationally efficient strategy for 

approximating polarizability effects when using fixed-charge force fields.50–52 Notably, scaling 
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factors ranging from 0.70 to 0.90 for monovalent ionic species have been proposed to improve 

monovalent halides’ simulation accuracy.  A scaling factor of 0.85 is applied to the ionic species 

in the current work (i.e., the anions and cations possess net charges of -0.85 e and +0.85 e, 

respectively), which is consistent with the charge scaling factor recently used by Zeron et al.50 

Here, for brevity, these three force fields (original OPLS-AA force field, force field proposed by 

Joung and Cheatham, and OPLS-AA force field with the scaling factor) are labeled OPLS-AA, 

JC, and sOPLS-AA. 

The Packmol package53 is used to obtain the initial configurations of the interfacial 

systems; the aqueous and oil phases are constructed with 10,000 and 1,000 molecules of water 

and n-heptane, respectively.  To understand the interfacial behavior of the Span 80 and TED 

surfactants interacting with different aqueous phase compositions, we consider four different 

brine compositions (NaCl, NaI, KCl, and KI), in which the bulk concentrations of the ionic 

species were chosen based on the experimental study of Lima et al.;54 besides, three different 

surfactant superficial concentrations were used: 0, 24, and 48 surfactant molecules.  Table 1 

provides a summary of the simulated system compositions. 

 

Table 1. Number of molecules of each compound in the simulated systems. 

System Water n-Heptane Salt Surf. 

nHept/W 10,000 1,000 - 0/24/48 

nHept/NaCl 10,000 1,000 282 0/24/48 

nHept/NaI 10,000 1,000 288 0/24/48 

nHept/KCl 10,000 1,000 287 0/24/48 
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nHept/KI 10,000 1,000 294 0/24/48 

 

Based on the initial configurations, the steepest descent method is used to minimize the 

energy of the system, followed by an isothermal–isobaric ensemble (NPT) equilibration stage of 

50 ns.  The Parrinello-Rahman barostat55,56 and v-rescale thermostat57 are used to maintain the 

constant pressure and temperature conditions, with time constants of 5 ps and 0.1 ps, 

respectively. Simulation runs of 100 ns in the canonical (NVT) ensemble are used for sampling 

purposes. 

To evaluate surfactant ordering in the interfacial region, the structure factor along the z-

direction is calculated using the MDAnalysis package according to 

��(�) =
�

�
(3〈��
�(�)〉 − 1 ) ,       (1) 

in which � is the angle between a vector connecting two adjacent atoms and the z-axis unit 

vector (êz).  According to Eq. 1, �� approaches 1.0 when the chosen vector is parallel to the z-

axis, and it is -0.5 when the vector is perpendicular.58 Figure 1 shows the chosen vector 

assignments within the Span 80 and TED structures.  Here, the geometric center of the initial and 

final sites connecting the vectors in Figure 1 is used as a reference point to define the order 

parameter profiles.  The interfacial tension (�) is calculated using the approach of Kirkwood-

Irving 

� =
�

�
��(��� −

�

�
(��� + ���  )) .       (2) 

In this equation,  ��� is the �� component of the pressure tensor (calculated using the gmx energy 

package within Gromacs), and  �� is the box length in the z-dimension.  Similarly, the average 
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density profiles and H-bond analyses are carried out using gmx density and gmx hbonds, 

respectively.  The H-bond lifetime is quantified by first calculating the autocorrelation function 

�(�) = 〈
��(��)
��(� + �)〉/〈
��(��)�〉 ,      (3) 

in which 
�� is 1 if there is a hydrogen bond present and 0 otherwise.  The H-bond lifetime (�!") 

is obtained by integrating �(�).  To do this, �(�) is first fit to a multiple exponential function 

�(�) = ∑ $�%&'(−(� �))  ,            (4) 

in which $� and (� are fitting parameters. Then, �!" is explicitly calculated as 

�!" = * +��(�)
,

�
 .         (5) 

 

 
Figure 1. Molecular structure of (a) Span 80 and (b) TED surfactants, and the vectors used to 

evaluate the structure factor in Eq. (1).  Vector color codes: blue = v1, green = v2, and red = v3. 

(c) Initial configuration of nHept/W with 24 Span 80 molecules (7×7×18 nm3); color code: cyan 

= carbon; white = hydrogen; red = oxygen.  

 

 

(a) (b) 

(c) 
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The partition coefficients of Span 80 and TED are analyzed at infinite dilution conditions 

in the different interfacial systems by calculating the PMF.  In the PMF calculations, the aqueous 

and oil phases are composed of the same number of water, salt, and n-heptane molecules as 

shown in Table 1.  The umbrella sampling method59 is used to obtain the PMF, and the weighted 

histogram analysis method (WHAM)60, as implemented in gmx wham, is used to estimate the 

PMF based on the biased simulations.  In the PMF simulations, we define the reaction coordinate 

as the z-component of the distance between the center-of-mass of the n-heptane phase and the 

surfactant molecule.61 Following this approach, a satisfactory probability distribution overlap is 

obtained by using a spacing of 0.1 nm between each simulation window, along with a spring 

constant of 1000 kJ/mol m2.  The umbrella sampling simulations are performed using the same 

parameters and models described above; reasonable PMF estimates are obtained using 5 ns of 

equilibration followed by 15 ns of production. Finally, bootstrap analysis is used to calculate the 

statistical confidence region of the obtained PMFs.62 

 

3. Simulation Results 

3.1 Interfacial properties of n-heptane/brine systems 

 

Table 2 shows the effect of the aqueous phase composition and the force field of the ionic 

species on the interfacial tension for the system with no surfactants.  The results obtained for the 

nHept/W system show remarkable agreement with experimental data published previously (50.7 

mN/m).54,63,64 Concerning the n-heptane/brine systems, both OPLS-AA and JC force fields 

predict a positive difference between the interfacial tension of the nHept/W and nHept/brine 

systems (-�� = �.!/01/� − �.!/01/2), along with an overall trend of -�3456 > -�348 >
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-�956 > -�98 for the JC force field.  Although -� is slightly overestimated for the nHept/NaCl 

system, both JC and OPLS-AA show good agreement with the experimental data reported by 

Lima et al.54 However, the experimentally-obtained54 tensoactive behavior (-� < 0) of the NaI 

and KI systems is not adequately captured by these two ionic force fields (JC and OPLS-AA).  

On the other hand, the results obtained using the charge scaling approach (sOPLS-AA) lead to a 

significant reduction of the predicted -�.  This leads to a smaller deviation for -�3456, and a 

negative -� is obtained for the nHept/NaI and nHept/KI systems, resembling the experimental 

data.  These results support the practice of charge-scaling as a means for approximating 

polarization effects, and this may be important for future studies when modeling similar 

interfacial systems.  

Figure S2 presents the density distributions along the z-dimension of the simulation boxes 

for nHept/NaCl, nHept/NaI, nHept/KCl, and nHept/KI, based on the sOPLS-AA force field. In 

all systems, well-developed bulk aqueous and oil phases are observed, with distinct n-

heptane/brine interfacial regions; ion aggregation in the aqueous phase is not observed in any of 

the evaluated systems. For the nHept/NaCl and nHept/KCl systems, which exhibit -� > 0, no 

significant ion layering is present in the interfacial region. Conversely, much more pronounced 

ion structuring is observed for the KI and NaI systems. This is explicitly observed by looking at 

Figure S2 (e), which shows the density profiles of NaCl, NaI, KCl, and KI for the systems with 

no surfactant in the same plot.  Figure S3 shows the prediction for the nHept/KI system based on 

the OPLS-AA force field: no appreciable layering of KI is observed when no scaling is used, 

similar to the results of the nHept/NaCl and nHept/KCl systems presented in Figure S2.  The 

comparison of OPLS-AA and sOPLS-AA density profiles strongly suggest that the polarization 
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effects (here estimated via the charge-scaling approach) contribute to the behavior observed in 

the interfacial tension (-� < 0). The different behavior for iodide salts is in good agreement with 

the expected behavior due to the well-known high polarizability of this anion. 

 

 

 

Table 2. Summary of interfacial tension and interfacial tension differences (-� = �.!/01/<=�./ −
�.!/01/2; �.!/01/2 = 52.401 mN/m) for different aqueous phase compositions.  The 

experimental data (-�/�0) is taken from Lima et al.54 

System 

 

Force Field 

 

� -� -�/�0  

(mN/m) (mN/m)  (mN/m) 

         

nHept/W - 52.401 -  

         

  OPLS-AA 54.079 1.678 

1.5200 nHept/NaCl JC 54.597 2.196 

  sOPLS-AA 53.2595 0.8585 

  OPLS-AA 53.882 1.481 

-1.7620 nHept/NaI JC 54.518 2.117 

  sOPLS-AA 50.7135 -1.6875 

  OPLS-AA 54.023 1.622 

- nHept/KCl JC 54.246 1.845 

  sOPLS-AA 53.777 1.376 

  OPLS-AA 53.622 1.221 
-1.001 

nHept/KI JC 54.159 1.758 
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  sOPLS-AA 50.629 -1.772 

 

Given the good qualitative performance in reproducing the experimental interfacial 

tension behavior, the remaining results and analyses are based on sOPLS-AA as the default force 

field (i.e., charge scaling of 0.85 applied to the ionic species). 

 

3.2 Interfacial properties of n-heptane/brine systems with surfactants 

 

3.2.1 Structural properties 

 

Figure 2 shows the density profiles of the nHept/W system with 24 Span 80 and TED 

molecules at 298 K.  As before, the simulations lead to smooth density profiles with well-

characterized aqueous and oil bulk phases.  As expected, water is not present in the n-heptane 

phase, and the surfactant molecules are mainly located at the n-heptane/water interface. 

Concerning the interfacial region, an abrupt transition around 4 to 6 nm is present, in which the 

surfactants are concentrated around 4.5 nm.  A significant difference is observed when 

comparing the density distributions of Span 80 and TED, which can be attributed to the longer 

tail of Span 80.  Also, the molecular structure of Span 80’s tail slightly impacts the density 

profile of n-heptane molecules in the interfacial region, as observed when comparing Figures 

2(a) and 2(b), and explicitly shown in Figure 2(c). 

 The structure of the surfactants in the nHept/W system can be further inspected by 

looking at the distributions of the surfactant heads and tails (Figure S4).  In both systems, the 

surfactant heads are closer to the aqueous phase to maximize the water-surfactant interactions, 

while their tails are primarily located in the n-heptane-rich region of the interface.  By comparing 

Figures 2 and S4, it is possible to explicitly notice that the broader distributions in Figure 2(a) are 
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mainly due to the surfactant tail distribution; it is worth mentioning that the more intense peak in 

the TED distribution is related to the higher molecular weight of the head as compared to Span 

80.  

 

 

Figu

re 2. 
Dens

ity 

profil

es of 

the 

nHep

t/W 

syste

m 

with 

24 

mole

cules 

of: 

(a) 

Span 

80 

and 

(b) 

TED 

at 

298 

K. 

(c) 

Dens

ity Profiles of SPAN80 and TED are presented with the water profile for the nHept/W system as 

a function of z/Lz, in which Lz is the z-dimension box length. 

 

Figure 3 shows the influence of the brine phase composition on the interfacial behavior of 

the systems with 24 molecules of Span 80.  Although it is possible to observe a slight difference 
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in the densities of the brine phase, the interfacial behavior is remarkably similar throughout the 

analyzed systems despite the different brine compositions. Namely, we find: (a) interfacial 

regions ranging from 4 nm to 6 nm; (b) no water solubility in the n-heptane phase and no n-

heptane solubility in the aqueous phases; and (c) no surfactant solubilization is observed in either 

of the bulk phases.  Very similar behavior is observed for TED, as shown in Figure S5, but with 

a slightly narrower interfacial region.  Similar to the results presented for the surfactant-free 

interfacial systems, significant structuring of the ionic species near the interfacial regions are 

found for the nHept/NaI and nHept/KI systems. 

The effect of increasing the number of Span 80 and TED on the interfacial structure is 

observed by comparing the density profiles with 24 surfactant molecules (Figures 2, 3, and S5) 

with those obtained for 48 surfactant molecules (Figures S6 and S7).  In terms of the general 

solubility and ion structuring, a remarkable similarity is observed with the systems analyzed 

previously.  Given the increased surfactant concentration, more pronounced peaks in the 

distributions of these compounds are shown in Figures S6 and S7.  Also the previously observed 

effect introduced by the long tail of Span 80 becomes even more pronounced, while the 

increased surfactant concentration leads to a slightly smaller I- peak in the interfacial region. 
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Figure 3. Density profiles of: (a) nHept/NaCl, (b) nHept/NaI, (c) nHept/KCl, and (d) nHept/KI 

with 24 molecules of Span 80 at 298 K. 

 

As expected, the density profiles confirm that Span 80 and TED are preferentially located 

at the interface region.  However, the local density distributions provide only partial information 

about the overall surfactant configurations at the interface.  Figure 4 presents the results of the �� 

order parameter for the different interfacial systems with Span 80, in order to provide more 

structural details.  For the nHept/W system with 24 surfactant molecules (Figure 4(a)), the 

surfactant tail (v1 and v2) shows a preferential parallel orientation, with an average angle of 95° 

between v1 and êz and 125° between v2 and êz. The v3 vector, related to the polar portion of the 
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Span 80, also indicates an orientation parallel to the interface, with an angle between v3 and êz 

around 105°. 

Figure 4. Order parameter along the z-axis for different interfacial systems with 24 ((a) and (b)) 

and 24/48 molecules (c) of Span 80.  The predictions of (a) and (c) are made for the nHept/W 

system (no salts).  The vector labels are consistent with Figure 1. 

 

Interestingly, within the composition range evaluated here, the surfactant head orientation 

shows negligible sensitivity to the aqueous phase composition, as shown in Figure 4(b).  The 

conformation of the tail and head of Span 80 parallel to the interface seems to suggest low 

interface saturation, leading to little penetration of the aqueous and oil phases. This is also 
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supported by looking at the S(z) profile presented in Figure 4(c); the tendency of the surfactant 

heads to orient parallel to the interface is slightly diminished by increasing the surfactant 

concentration. 

Generally speaking, the S(z) profiles obtained for TED (Figure S7) are similar to those of 

Span 80.  For instance, there is a pronounced parallel orientation of the TED tail and head 

portions, a low sensitivity to the aqueous phase composition, and a much more noticeable change 

when the surfactant concentration increases.  Nonetheless, a slightly more parallel configuration 

to the interface is observed for TED, with angles of 115°, 95°, and 100° between v1 and êz, v2 

and êz, and v3 and êz, respectively.  

 

 

 

3.2.2 Interfacial tension and interactions 

 

Table 3 shows the effect of the aqueous phase composition and surfactant concentration 

on the interfacial tension.  In the nHept/W system, a significant reduction of � is observed by 

increasing the concentration of Span 80, as expected for amphiphilic compounds; similarly, by 

increasing the TED concentration, a decrease in interfacial tension of the nHept/W system is 

observed.  TED leads to a more significant reduction in the interfacial tension, as expected, due 

to the smaller tail and the greater amount of hydrophilic groups in the TED head (versus Span 

80). In the nHept/brine system, an increase in concentration of either surfactant decreases �.  

However, for the systems containing NaCl and KCl, a slight increase occurs (i.e., -� > 0) as 

compared to the nHept/W system at the same surfactant concentrations.  Interestingly, a 

cooperative effect is observed between the TED surfactants with NaI and KI.  An analogous 
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result is obtained for the systems containing Span 80 and NaI; nonetheless, a negligible 

cooperation effect between Span 80 and KI is observed. 

 

Table 3. Interfacial tension values as a function of the aqueous phase composition and surfactant 

concentration. -� = �3>?@A,.!/01/<=�./ − �=/C, in which �=/C = �3>?@A,.!/01/2 for the 

nHept/brine systems and �=/C = �,.!/01/2 for nHept/W. 

 

System 

 

Surf. 

Span 80   TED 

� -�   � -� 

(mN/m) (mN/m)    (mN/m) (mN/m)  

nHept/W 24 50.784 -1.617   49.269 -3.132 

  48 48.091 -4.310   43.159 -9.241 

nHept/NaCl 24 52.310 1.527   50.992 1.723 

  48 49.180 1.089   44.622 1.462 

nHept/NaI 24 49.330 -1.454   49.059 -0.210 

  48 47.480 -0.611   42.693 -0.467 

nHep/KCl 24 53.050 2.266   50.706 1.437 

  48 49.580 1.489   44.287 1.128 

nHept/KI 24 50.030 -0.754   48.503 -0.766 

  48 48.210 0.119   43.137 -0.022 
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Despite the cooperation between the surfactants and the iodide-based salts, as well as the 

accumulation of NaI and KI in the interfacial region, our results suggest negligible structural 

changes of the surfactants with respect to the different brine compositions.  To further investigate 

the behavior, we analyzed the H-bonds between the surfactant and water molecules in the 

different interfacial systems.  The results for the average H-bonds and H-bond lifetimes (�!") 

are presented in Table S1. As expected, the average number of H-bonds increases with the 

concentration of surfactants in all systems, but the correlation is not linear.  This can be 

attributed to steric effects between the surfactant molecules, preventing the linear increase of 

associative interactions with additional water molecules.  The average �!" shows only minor 

sensitivity to surfactant concentration.  Interestingly, in all scenarios, both the number of H-

bonds and �!" shows negligible sensitivity to the brine composition, suggesting that the ion 

structure at the interface does not influence the associative interactions between water and the 

surfactant molecules. 

The individual contributions from the LJ and coulombic (Coul) interactions between Span 

80 and water and Span 80 and n-heptane are presented in Table 4.  As observed, the LJ 

contributions between Span 80 and n-heptane are significantly larger than those between Span 80 

and water, but the LJ contributions between Span 80 and n-heptane do not change substantially 

with respect to the different aqueous phases.  In contrast, the Coul interactions between Span 80 
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and water are much larger than the interactions between Span 80 and n-heptane.  Moreover, the 

results in Table 4 suggest that electrostatic interactions primarily dominate Span 80-water 

interactions, which is expected due to the electronegative oxygen sites in the surfactant head.  It 

is important to note that the Coul interactions between Span 80 and water are more sensitive to 

the aqueous phase composition than the LJ contributions.  Similar behavior among the LJ and 

Coul contributions on the surfactant-water/n-heptane interactions is also present in the systems 

with TED (see Table S2).  For instance, there is a more substantial LJ contribution for the 

interactions between TED and n-heptane, but there is a much more significant interaction for the 

TED-water Coul contribution, as well as greater sensitivity to the aqueous phase composition. 

The behavior obtained for the interfacial tension due to different brine compositions can 

be further inspected by looking at the potential interactions presented in Tables 4 and S3. 

Interestingly, the systems in which there is a synergetic effect of the surfactants and ionic species 

(i.e., nHept/NaI and nHept/KI) present weaker potential energy interactions between water and 

surfactant molecules.  The lower surfactant-water interactions in these systems suggests a more 

significant interaction between the surfactants and the ionic species, due to their accumulation in 

the interfacial region and their solvation by surfactant molecules.  This observation is also 

corroborated by looking at Table S3, which shows more attractive interactions between the 

surfactant molecules and the cations and anions in the nHept/NaI and nHept/KI systems.  This 

stronger interaction may contribute to the more pronounced concentration of surfactants in the 

interfacial region, which was also observed by Liu et al65 when analyzing their experimental data 

on the synergetic surfactant/ion effects on the interfacial tension. 
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Table 4. LJ and Coul contributions and overall potential energies (U) between Span 80 and 

water, and Span 80 and n-heptane. 

 

System Surf 
LJ (kJ/mol) Coul (kJ/mol) U (kJ/mol) 

nHept W nHept W nHept W 

 

nHept/W 

24 -3265.47 -758.09 -24.62 -2736.07 -3290.09 -3494.16 

48 -5465.62 -1365.14 -37.03 -5128.27 -5502.65 -6493.41 

 

nHept/NaCl 

24 -3285.87 -731.91 -24.50 -2515.22 -3310.37 -3247.13 

48 -5586.11 -1314.78 -38.24 -4728.89 -5624.35 -6043.67 

 

nHept/NaI 

24 -3265.10 -670.08 -22.08 -2327.19 -3287.18 -2997.27 

48 -5601.46 -1223.51 -35.46 -4410.52 -5636.92 -5634.03 

 

nHept/KCl 

24 -3452.01 -741.08 -26.98 -2541.72 -3478.99 -3282.80 

48 -5614.71 -1290.46 -37.91 -4679.72 -5652.62 -5970.18 

 

nHept/KI 

24 -3434.04 -684.34 -24.75 -2397.92 -3458.79 -3082.26 

48 -5622.81 -1227.90 -35.95 -4524.27 -5658.76 -5752.17 

 

3.3.3 Potential of mean force 

Finally, we analyzed the interfacial behavior of Span 80 and TED surfactants in different 

interfacial systems by examining the PMFs as a function of the z-component of the center-of-

mass distance between a single surfactant molecule and the n-heptane rich phase (Figure 5).  
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Based on these PMFs, the transfer free energy of the surfactant molecules throughout the 

different phases, including the interfacial region, is directly obtained (Table 5).  

The approach used here produces smooth PMFs, with narrow statistical confidence 

regions and well-characterized n-heptane and aqueous phases.  The non-ionic surfactants show 

more favorable solubility in the n-heptane phase than in the different brine phases.  Smaller 

-D.!/01/E for TED indicates that TED is slightly more hydrophilic than Span 80.  When 

transferring TED or Span 80 from the n-heptane phase to the interface (-D.!/01/8), there is some 

minor sensitivity to the different compositions of the aqueous phase. -D.!/01/8 for TED is 

significantly smaller than that obtained for Span 80, which is consistent with TED’s higher 

hydrophilicity.  Conversely, a pronounced salting-out effect is observed when comparing 

-D.!/01/E for the nHept/W systems with the nHept/brine systems. For TED transfer, the value 

of -D.!/01/E  is relatively unaffected by the presence of NaI and KI, due to the statistically 

negligible difference between these systems and nHept/W, as can be seen in Figure 5(b).  
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Figure 5. PMFs of: (a) Span 80 and (b) TED as a function of the center-of-mass distance 

between a single surfactant molecule and the n-heptane phase along the z-dimension of the 

simulation box at 298 K and 1 bar. The shaded areas represents the statistical confidence, 

predicted using bootstrap analysis, and the dashed vertical lines indicate approximate phase 

boundaries.  

 
An analysis of the surfactant transfer free energy from the aqueous phase to the interfacial 

region (-D2/8) can also be correlated to the synergetic behavior of the interfacial tension 

identified earlier (Table 3).  With respect to the current surfactants, composition range, and 

thermodynamic conditions, we obtain slightly lower values of -D2/8 for the nHept/NaCl and 

nHept/KCl systems, as compared to other brines.  This suggests a more favorable surfactant 

transfer to the interfacial region when compared to the other evaluated systems.  Conversely, in 

the systems exhibiting synergetic behavior (NaI and KI), a slightly larger -D2/8 is obtained.  

These results may seem counterintuitive when compared with the LJ and Coul contributions 

(Table 4 and S3).  However, the PMFs were calculated in systems with a single surfactant 

molecule.  Thus, these results suggest that beyond the surfactant-ion interaction, the interaction 

between surfactant molecules also plays an important role in the surfactant adsorption and 
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interfacial tension behavior.  The PMF results suggest that NaI and KI not only interact with the 

surfactant molecules but also contribute to the surfactant-surfactant interaction.  This hypothesis 

is also corroborated by looking at the average surfactant-surfactant potential energy in the 

interfacial systems, as shown in Table S4. 

 

Table 5. Transfer free energy (kJ/mol) of a single surfactant molecule in the interfacial systems 

at 298 K and 1 bar.  The first superscript indicates the initial phase location, and the second 

superscript indicates the final phase location (ΔD�1/�2 = D�2 − D�1).  

System 
Span 80 TED 

-D.!/01/E -DE/8 -D.!/01/8 -D.!/01/E -DE/8 -D.!/01/8 

nHept/W 52.581 -76.912 -24.332 16.507 -65.502 -48.994 

nHept/NaCl 58.029 -83.590 -25.561 25.817 -76.141 -50.324 

nHept/NaI 54.366 -79.753 -25.387 16.415 -67.981 -51.566 

nHept/KCl 55.975 -80.405 -24.430 22.701  -73.858 -51.156  

nHept/KI 55.483 -77.627 -22.145  15.208 -67.290  -52.081 

 
 

4. Final Remarks 

 
In this work, MD simulations are used to investigate the synergistic effects on the 

interfacial properties between nonionic surfactants and ionic species.  When initially analyzing 

the interfacial n-heptane/brine systems without surfactants, we obtained excellent qualitative and 

quantitative agreement with experimental interfacial tension data.  However, this required 

applying a charge scaling factor of 0.85 to the ionic species, suggesting that it is important to 

account for polarizability effects of ionic species when predicting interfacial properties of similar 

systems.  
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Tensoactive behavior is observed for the NaI and KI systems, and these systems are also 

found to exhibit noticeable layering of the iodide species near the interface.  When comparing 

the two different surfactants (Span 80 versus TED), the Span 80 surfactant protrudes much more 

noticeably into the n-heptane phase, primarily due to its longer alkane tail.  There are significant 

interaction differences (average potential energy) between the surfactants and the different ionic 

species.  However, the structure of the surfactants (orientation distributions; density profiles) and 

thermodynamic behavior (transfer free energies) remain robust and are relatively unaffected by 

the specific salt species present.  Furthermore, the H-bonding characteristics between the 

surfactants and water are very stable, despite the presence of the different salts.  

An analysis of the LJ and Coul contributions, as well as the PMFs, suggest that the 

surfactant-surfactant interactions play a critical role in maintaining stability within the interfacial 

structure, with a much smaller impact associated with the composition of the different brine 

solutions. 
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