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This paper aims to determine the electric field intensity in the emulsion dehydration from the microscopic 
perspective. For this purpose, molecular dynamics (MD) simulation and density functional theory (DFT) were 
adopted to model the surface feature, hydrophilic groups, and hydrophobic groups of three types of Span 
surfactants, namely, Span 20, Span 60, and Span 80. Considering the stability of the microemulsion and 
application of electric fields, the structural changes and the nature of the surfactants were discussed in details 
under the external electric field. The results show that the simulated interfacial tension agrees well with the 
experimental data, an evidence to the rationality and reliability of the simulation system; the surfactant 
hydrophilic groups could form medium-strong hydrogen bonds with water; the deformation of surfactant space 
structure enhanced the role of hydrogen bonding under the electric field, thus reducing the emulsion stability. 
The research findings shed new light on the molecular simulation of Span surfactants. 

1. Introduction 
Microemulsion systems have attracted a growing interest in the years following the global oil crisis of the 
1970s. These systems can greatly enhance the effect of tertiary oil recovery methods, thanks to their ability to 
dissolve oil and water simultaneously and attain very low interfacial tension. Many microemulsion systems are 
applied with Span surfactants, which often serve as emulsifiers, dispersants, rust inhibitors, additives and 
fracturing agents in the oil industry. The structure and properties of Span surfactants have been a research 
focus around the world (Sanatkaran et al., 2014; Santini et al., 2007). 
Recently, computer simulations like molecular dynamics (MD) have been extensively employed to investigate 
the properties of microemulsion systems containing surfactants. For instance, Kunieda et al. (2010) reported 
that the self-accumulation of aromatics at the oil-water interface is driven by the low tension of aromatics-
water interface compared to that of other combinations, and attributed the low tension to the weak hydrogen 
bonding between the aromatic rings and the water protons. Xu et al. (2013) demonstrated that the addition of 
oxygen, benzene ring and oxyethyl group can enhance the polarity of surfactant, which, in turn, enhances the 
interactions between the head groups of surfactants and water molecules. Yan Hong et al. (2010) performed 
an MD simulation on the structural and dynamic properties of anionic surfactant at the n-alkane (i.e. nonane, 
decane and undecane)-water interface, revealing the existence of a well-defined interface between the n-
alkane and water phases in the equilibrated model systems. 
Because of the complex geological conditions, the aqueous solution of surfactants is injected in large amount 
during oil extraction, leading to a high-water content in crude oil. The dehydration of crude oil has been a 
major bottleneck in oil production and processing. Jong Ha et al. (Ha J.W et al., 1999) examined the 
multiphase water droplets in the emulsion under inform electric field. Based on the results of deformation and 
fracture tests, Eow J.S et al., (2002), Eow J.S et al., (2003) studied the electric field intensity of water droplets, 
the effect of oil-water interface coalescence on water droplets under high field intensity. Chen Qingguo (Chen 
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et al., 2015; Chen et al., 2015; Chen et al., 2014;) tested crude oil emulsion under AC and DC electric field 
dehydrations, and established a dehydration theory model. 
Through the above analysis, this paper aims to determine the electric field intensity in the emulsion 
dehydration from the microscopic perspective. To this end, MD simulation was adopted to model the surface 
feature, hydrophilic groups, and hydrophobic groups of three types of Span surfactants, namely, Span 20, 
Span 60, and Span 80. Considering the stability of the microemulsion and application of electric fields, the 
structural changes and the nature of the surfactants were discussed in details under the external electric field. 
The research findings shed new light on the molecular simulation of Span surfactants. 

2. Computational Methods 
2.1 Experiment 

The surfactant span20, span60, span80 (AP grade, >98% purity) was purchased from Shanghai, China The 
interfacial tension was measured by a Texas-500A spinning-drop interfacial tensiometer (Taylor et al., 2011) 
(measuring range: 10-5~102mN·m-1).  

2.2 Quantum chemistry calculations 

The geometric structure of the Span 80 surfactant was optimized at the B3LYP/6-311+G(d,p) (Dkhissi A et al., 
2000; Bailin Zhang et al., 2002)level using the Gaussian 09 package(Frisch et al., 2009). The optimized 
structure is illustrated in Figure 1. The molecular structure and water system were analysed frequency on the 
same level. The results show no negative vibration frequency, i.e. the optimized structure is stable with no 
imaginary frequency. 

 

Figure 1: Chemical structure of the span series surfactants 

2.3 Molecular dynamics simulation 

The previous studies on MD simulation were all performed on Groningen Machine for Chemical Simulations 
(GROMACS) (Hess et al., 2008). For example, Reference (Berendsen et al., 1981) simulates water molecules 
with single-point charge model, and Reference (Oostenbrink et al., 2004) models Span 80 and decane by 
GROMACS 96 force field. Most of the existing modelling force fields for molecular system can be interpreted 
as a simple four-component image of intra- and inter-molecular forces within the system. The changes in 
specific internal coordinates can be described by various terms, including bond lengths, angles, bond rotation 
or atom movement. 
For the surfactant monolayers at water-decane interfaces, the molecular simulation software Packmol 
(Martínez et al., 2003) was adopted to build a system with surfactants and 2,100 water molecules. The 
surfactants were distributed at both sides of the equilibrated water cell with their head groups near the water 
layer. After the equilibrium was established within 2ns, the ensemble was filled with 230 decane molecules at 
each side of the surface, forming the water-surfactant-decane model system. To simulate the properties of 
surfactant at water-decane interface, the steepest descent (200 steps) was performed for energy minimization, 
followed by data collection via 1,000ps isothermal–isobaric (NPT) ensemble position-restrained MD and 
1,000ps canonical ensemble (NVT). In all cases, the time step for simulation was 0.002ps, and the trajectory 
data were collected every 20ps for structure and dynamics analysis. 

3. Results and discussion 
3.1 Interface morphology and behavior 

Three substances (Span 20, Span 60 and Span 80) were selected in this study, each of which was simulated 
at eight different concentrations. Through the simulation, the morphology of each substance was 
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characterized at the oil-water interface. For convenience, Span 80 was taken as an example for analysis and 
contrasted with similar substances. 
As shown in Figure 2, a stable interfacial film was formed through simulation, consisting of the water phase, oil 
phase (decane) and surfactant. The ternary system exhibited a good interfacial morphology. Owing to the 
amphiphilic properties of the surfactant, the hydrophilic groups extended into the water phase and 
hydrophobic groups extended into the oil phase. A limited number of surfactant molecules were distributed at 
the interface when surfactant molecules were few and sparse. With the increase in surfactant concentration 
and number, the surfactant molecules became increasingly aligned in the shape of a tadpole perpendicular to 
the interface. In this case, each molecule occupied a smaller area than before. 

 

Figure 2: Sample snapshots with different numbers of surfactants 

The interfacial tension refers to the difference between the vertical and the tangential liquid surface pressures 
(Nijmeijer et al., 1988)in the MD simulation: 
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The minimum interfacial tensions of Span 20, Span 60 and Span 80 were measured as 42.67, 34.23, and 
30.78 mN·m-1, respectively. The interfacial tension gradually declined with the increase in the hydrophobic 
alkyl groups in the side chain of the surfactant. 
Then, Span 60 and Span 80 were compared with the same number of carbon atoms in their hydrophobic 
chains. The comparison reveals that the emulsion is prone to bending deformation of oil-water interface in 
Span 80, due to the presence of double bond in the side chain. Therefore, the increase in branching widened 
the surface coverage by the molecules, causing further decrease in interfacial tension.  

 

Figure 3: The experiment and the simulation of interfacial tension 

In the process of obtaining the minimum interfacial tension, it is observed that the interfacial tension was not 
always negatively correlated with surfactant concentration. Figure 3 shows the variation in interfacial tension 
with the increase in Span 80 concentration. It can be seen that, as the surfactant became increasingly dense, 
the interfacial tension firstly increased, then decreased and finally stabilized. This is because the surfactant 
has a certain active concentration range: the interfacial tension will not be reduced obviously at a low 
surfactant concentration, and pronounced decline can only be witnessed in a certain range of concentration. 
When there were 122 surfactant molecules, the minimum interfacial tension acquired by the system was 30.78 
mN·m-1, while the measured value was 27.95 mN·m-1. 
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3.2 Hydrophilic group 

In the Span surfactants of this research, there are six hydrophilic groups containing polyols of the same 
structure. This subsection mainly discusses the structure of Span 80. The hydrophilic groups can interact with 
water and form hydrogen bonds. These bonds directly bear on the structure of surfactant. Currently, the 
density functional theory (DFT) and MD simulation are two widely accepted research methods for hydrogen 
bonding system. Here, the formation of hydrogen bonds by the hydrophilic groups of surfactants were 
investigated from two aspects. The surfactant was optimized by B3LYP/6-311+G(d,p) method in the DFT, 
while the water molecules were placed at six positions. In this way, the surfactants and water molecules 
constituted a stable structure. Then, zero correction was performed on the difference between the total energy 
and the energy of a single molecule. 
The calculation results demonstrate that the polar head of surfactant and the water molecules could form 
medium-strong hydrogen bonds (length: 1.8~1.9Å; angle: 146~147°). When each position had a water 
molecule, i.e. a surfactant molecule was surrounded by six water molecules, the water molecules became 
interconnected, leading to formation of new hydrogen bonds at the polar head of surfactants. These hydrogen 
bonds are longer than those produced by the other method below. Moreover, the water molecules could also 
form hydrogen bonds if they were dense enough. The mean bond length was 2.89Å. Hence, the hydrogen 
bonds formed between polar head and water molecule were longer than the those formed between water 
molecules. In other words, the hydrogen bonds formed between water molecules were relatively weak. 
The energy D is the sum of the total energy of hydrate and the total energy of the molecule. The calculated 
results on D indicate that hydrogen bonds could be formed in contact with water at different positions. When 
placed on the 2nd, 8th, and 30th positions to form a stable system, the water molecules had little positive 
impact on the formation of hydrogen bonds. When placed on the 29th, 42nd, and 43rd positions, the water 
molecules greatly boosted the formation of hydrogen bonds, because the surfactant head combined effectively 
with the hydroxyl groups. Relevant theoretical studies were conducted in the MD simulation to validate these 
observations. 

Table 1: The energy of D calculation results 

point E △E 
Span80 -1392.7971 0 
2nd -1469.2703 -26.3311  
8th -1469.2708 -26.3316  
29th -1470.2736 -27.3344  
30th -1469.2648 -27.3256  
42nd -1470.2667 -26.3275  
43rd -1470.2678 -27.3286  
6 water molecules -1851.6471 -157.998 

Next, the radial distribution function was introduced to this research. This function can provide information 
about the groups in the molecular structure at the molecular level, and measure the probability of appearance 
of another particle or group within the specified radius. Focusing on hydrogen or oxygen from different groups 
in water, the interactions between hydrogen bond and hydrophilic group could be obtained for comprehensive 
analysis. 
Therefore, the author extracted a set of radial distribution functions at different positions for water oxygen. The 
functions show no obvious wave peak at 2nd, 8th or 30th positions, indicating that the interactions between 
these groups and water were insignificant. However, the peaks of 0.27, 0.27 and 0.24 appeared respectively 
at the 29th, 42nd and 43rd positions, a signal of the hydrogen bonding between these groups and water. 
To verify our conclusion, the number of hydrogen bonds in the GROMACS was extracted from the group. 
Then, the presence of hydrogen bonds between the surfactant and water molecules was evaluated in the 
GROMACS using the default cutoff radius of 0.35nm and the default cutoff angle of 30° between the acceptor-
donor hydrogen atoms. The results show that the number of hydrogen bonds was 4, 3, 76, 3, 35 and 36 at the 
2nd, 8th, 29th, 30th, 42nd and 43rd positions. Obviously, there were fewer hydrogen bonds at the 2nd, 8th 
and 30th positions, and more at 29th, 42nd and 43rd positions. The surfactant head groups were composed of 
the hydrogen bonds formed between the hydroxyl groups and water. Thus, the head base extended into the 
water phase, and tail chains into the oil phase. As a result, the surfactant was located between the oil-water 
interface. 
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3.3 Electric fields 

Despite its wide application in demulsification, the electric field can boost the coalescence of emulsion beads 
and destroy the stable structure of emulsifier. Here, stable Span 80 microemulsion was formed under a 
uniform electric field. However, the surfactant structure could change with the addition of an electric field. It is 
the migration of water molecules that ensures the stabilization of the structure. The GROMACS uniform 
electric field was applied with a modified .mdp file: a sine wave was added along the Z-axis direction to the 
uniform electric field. Five cases were simulated with the electric field intensity of 0, 5, 10, 15, and 20V·nm-1, 
respectively 
According to the simulated image, the structure of surfactant molecules was stretched under the external 
electric field, the degree of bending was reduced, the emulsion was kept stable by the electrical stability of the 
surfactant and the non-ionic surfactant remained stable in the space. Therefore, the surfactant became less 
stable under the external electric field. Nonetheless, Span 80 exhibited low structural variation under the 
electric field. A possible reason lies in its non-ionic feature due to the influence of electric field on the water. 
Figure 4 shows the results of radial distribution functions on water hydrogen and oxygen. It can be seen that, 
with the growth in electric field intensity, the peak first increased and then declined and the valley continued to 
decrease, indicating that the electric field improves the degree of order of water molecules and enhances the 
hydrogen bonding effect. 
Note that the results of radial distribution function fluctuated in the small peak between 0.3 and 0.6nm with the 
increase in electric field intensity. This could be attributed to the changing orientation of the molecules under 
the electric field. Specifically, the electric field induces the rotation of the water molecules, such that these 
molecules move away from the original positions to the small peak of the radial distribution function.  
According to the results of radial distribution function, the external electric field intensified the movement of 
single water molecule and enhanced its role of hydrogen bonding. Hydrogen bonding interactions between the 
surfactant head groups and water molecules were weakened, resulting in a poorer stability. When the electric 
field intensity reached a certain degree, lots of water molecules were rearranged under the external electric 
field. The resulting change of the orientation of water molecules destroyed the balance between surfactant 
and water molecules. On the macroscale, these trends were displayed as demulsification. 

 

Figure 4: The radial distribution function in external electric field 

4. Conclusions 
This paper simulates Span surfactants by quantum chemistry and molecular dynamics, and compares the 
simulated results with experimental data. The main conclusions are as follows: 
First, the simulated interfacial tension agrees well with the experimental data, an evidence to the rationality 
and reliability of the simulation system. The interfacial tension values of Span 20, Span 60 and Span 80 
decreased with the increase in the carbon number of long alkyl chains. However, with the increase in the 
surfactant concentration, the interfacial tension firstly increased, then decreased, and finally stabilized. 
Second, the surfactant hydrophilic groups could form medium-strong hydrogen bonds with water. In particular, 
the hydrophilic groups at the 29th, 42nd and 43rd could form lots of hydrogen bonds, which is the key factor of 
polar head effect. 
Third, the deformation of surfactant space structure enhanced the role of hydrogen bonding under the electric 
field, thus reducing the emulsion stability. With the increase in electric field intensity, the spatial orientation of 
water molecules was changed, and a large number of water molecules was rearranged, leading to a 
demulsification effect. 

1067



Acknowledgments 

This work is supported by the National Basic Research Program of China (2012CB723308), the National 
Natural Science Foundation of China (51337002, 21201059, and 50977019). 

References 

Berendsen H.J.C., Postma J.P.M., Gunsteren W.F.V., Hermans J., 1981, Interaction models for water in 
relation to protein hydration, Intermolecular forces, 331-342, DOI: 10.1007/978-94-015-7658-1_21 

Chen Q.G., Liang W., Song C.H., Liu Z., Zhao Z.S., Wei X.L.,2014, Effect of pulsed electric field strength and 
frequency on dehydration of emulsion, CIESC Journal, 65, 4437-4443, DOI: 10.3969/j.issn.0438-
1157.2014.11.031 

Chen Q.G., Song C.H., Liang W., Liu Z., Zhao Z.S., Wei X.L., 2015, Dehydration Characteristics of Crude Oil 
Emulsion Under Non-uniform Electric Field, High Voltage Engineering, 41, 1595-1602, DOI: 
10.13336/j.1003-6520.hve.2015.05.024 

Chen Q.G., Song C.H., Liang W., Zheng T.Y., Liu Z., Zhao Z.S., Wei X.L., 2015, Kinetics behavior of water 
droplet deformation in emulsified oil subjected to non-uniform electric field, CIESC Journal, 66, 954-964, 
DOI: 10.11949/j.issn.0438-1157.20141600 

Dkhissi A., Adamowicz L., Maes G., 2000, Density functional theory study of the hydrogen-bonded pyridine-
H2O complex: A comparison with RHF and MP2 methods and with experimental data, The Journal of 
Physical Chemistry A, 104, 2112-2119, DOI: 10.1021/jp9938056 

Eow J.S., Ghadiri M., 2002, Electrostatic enhancement of coalescence of water droplets in oil: a review of the 
technology, Chemical Engineering Journal, 85, 357-368, DOI:10.1016/s1385-8947(01)00250-9 

Eow J.S., Ghadiri M., 2003, The behaviour of a liquid–liquid interface and drop-interface coalescence under 
the influence of an electric field, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 215, 
101-123, DOI: 10.1016/S0927-7757(02)00445-4 

Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., Robb M.A, 2009, Gaussian 09, Revision A. 02, 
Gaussian, Inc., Wallingford, CT, 200 

Ha J.W., Yang S.M., 1999, Breakup of a multiple emulsion drop in a uniform electric field, Journal of Colloid 
and Interface Science, 213, 92-100. DOI:10.1006/jcis.1999.6117 

Hess B., Kutzner C., Van Der Spoel D., Lindahl E., 2008, GROMACS 4: algorithms for highly efficient, load-
balanced, and scalable molecular simulation, Journal of chemical theory and computation, 4, 435-447, DOI: 
10.1021/ct700301q 

Kunieda M., Nakaoka K., Liang Y., Miranda CR., Ueda A., 2010, Self-accumulation of aromatics at the 
oil−water interface through weak hydrogen bonding, Journal of the American Chemical Society, 
132,18281-18286, DOI: 10.1021/ja107519d 

Martínez J.M., Martínez L., 2003, Packing optimization for automated generation of complex system's initial 
configurations for molecular dynamics and docking, Journal of computational chemistry, 24, 819-825, DOI: 
10.1002/jcc.10216 

Nijmeijer M.J.P., Bakker A.F., Bruin C., Sikkenk J.H.,1988, A molecular dynamics simulation of the Lennard-
Jones liquid–vapor interface, The Journal of chemical physics, 89, 3789-3792, DOI:10.1063/1.454902 

Oostenbrink C., Villa A., Mark A.E., Van Gunsteren W.F., 2004, A biomolecular force field based on the free 
enthalpy of hydration and solvation: The GROMOS force-field parameter sets 53A5 and 53A6, Journal of 
computational chemistry, 25, 1656-1676, DOI: 10.1002/jcc.20090 

Sanatkaran N., Masalova I., Malkin A.Y., 2014, Effect of surfactant on interfacial film and stability of highly 
concentrated emulsions stabilized by various binary surfactant mixtures, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 461, 85-91, DOI: 10.1016/j.colsurfa.2014.07.031 

Santini E., Liggieri L., Sacca L., Clausse D., Ravera F., 2007, Interfacial rheology of Span 80 adsorbed layers 
at paraffin oil–water interface and correlation with the corresponding emulsion properties, Colloids and 
Surfaces A Physicochemical and Engineering Aspects, 309, 270-279, DOI: 10.1016/j.colsurfa.2006.11.041 

Taylor S.E., 2011, Thermal destabilisation of bitumen-in-water emulsions–A spinning drop tensiometry study, 
Fuel, 90, 3028-3039, DOI: 10.1016/j.fuel.2011.05.028 

Xiao H.Y., Zhen Z., Sun H.Q., Cao X.L., Li Z.Q., Song X.W., Cui X.H., Liu X.H., 2010, Molecular dynamics 
simulation of anionic surfactant at the water/n-alkane interface, Acta Physico-Chimica Sinica, 26, 422-428, 
DOI:10.3866/PKU.WHXB20100216 

Xu J.F., Zhang Y., Chen H.X., Wang P., Xie Z.H., Yao Y.J., Yan Y.G., Zhang J., 2013, Effect of surfactant 
headgroups on the oil/water interface: An interfacial tension measurement and simulation study, Journal of 
Molecular Structure, 1052, 50-56, DOI: 10.1016/j.molstruc.2013.07.049 

Zhang B.L., Cai Y., Mu X.L., Lou N.Q., Wang X.Y.,2002, Multiphoton ionization and density functional studies 
of pyrimidine-(water) n clusters, Journal of Chemical Physics, 117, 3701-3710, DOI: 10.1063/1.1494783 

1068




