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ABSTRACT 13 

Previous experiments have demonstrated the capability of graphene oxide (GO) to 14 

destabilize oil-in-water (O/W) and water-in-oil (W/O) emulsions, although there are 15 

debates on the underlying mechanism. Using molecular dynamics simulations, this 16 

work targets an atomistic level understanding of the mechanism for GO to destabilize 17 

O/W and W/O emulsions in the presence of violanthrone-79 (VO-79), a model 18 

compound for asphaltene. For both types of emulsions, a GO/VO-79 binary film is 19 

formed on the oil/water interface, which can stabilize VO-79 on the interface. Detailed 20 

structural analysis shows that the majority of GO in the binary film are parallel to the 21 

interface and cause VO-79 to align with them, changing the original interface 22 

morphology. The results favor the mechanism that GO destabilizes W/O or O/W 23 

emulsions by first forming a film around the emulsion droplets and then enhancing the 24 

adhesion between droplets, or between a droplet and the macroscopic oil/water interface, 25 

through film-film interactions. Additional interfacial tension (IFT) calculations confirm 26 

that GO can increase the toluene/water IFT in the presence of VO-79, which is 27 

beneficial for emulsion destabilization. 28 

 29 

  30 
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1. INTRODUCTION 31 

Graphene oxide (GO), a material typically prepared by reacting graphite powder with 32 

strong oxidizing agents in concentrated sulfuric acid,1 contains oxygenated functional 33 

groups on its basal plane and edges.2,3 It is a two-dimensional material that exhibits 34 

amphiphilic property: hydrophilic on the periphery while mostly hydrophobic at the 35 

center.4 Although GO has been discovered for more than a century, in the past decade 36 

there has been an increasing interest in exploring its new applications, for example as a 37 

“surfactant”,5-9 fillers in composites,10-13 and in liquid crystal devices.14-17 38 

Due to its amphiphilic property and unique interfacial behavior,5 GO has been 39 

recently explored as a potential demulsifier for emulsions.18-23 Liu et al. studied the 40 

demulsification performance of GO for crude oil-in-water (O/W) emulsions.18 These 41 

emulsions can be very stable due to the presence of a protective film on the oil/water 42 

interface formed by asphaltenes.24,25 Upon the addition of GO and proper mixing, it was 43 

observed that oil separated from water within a few minutes. The effect of pH on the 44 

demulsification efficiency indicated that GO was effective under acidic or neutral 45 

conditions, but not in alkaline solution.18 The same group further investigated the 46 

destabilization of O/W emulsions by variations of GO, such as reduced graphene oxide 47 

(rGO) and magnetic graphene oxide (M-GO).19,20 It was found that the demulsification 48 

performance of rGO could be considerably improved by increasing the reduction 49 

degree,19 and M-GO can be recycled 6–7 times without losing its demulsification 50 

capability.20 Such multi-recycling capability was also observed in the work of Ma et 51 

al.21 where they synthesized a bifunctional demulsifier, octadecyltrimethoxysilane 52 

(ODTS) modified magnetite/reduced graphene oxide (MRGO@ODTS). It can 53 

effectively demulsify both O/W and W/O emulsions and there is no decline in its 54 

demulsification efficiency within 10 cycles. Fang et al. investigated the demulsification 55 

performance of GO for O/W emulsions in oily wastewater.23 It was seen that the 56 

stability of the emulsion was destroyed immediately upon the addition of GO, leading to 57 

fast oil-water separation. 58 

Different mechanisms were proposed for the demulsification using GO. For the O/W 59 

emulsion, Liu et al. proposed that GO interacted strongly with asphaltenes on the 60 

oil/water interface and was able to pull asphaltenes away from the interface.18-20 Such 61 

interactions led to partial destruction of the asphaltenes film and subsequently 62 

coalescence of the oil droplets, facilitating the oil-water separation. Fang et al., on the 63 

other hand, proposed another demulsification mechanism23 based on experiments of GO 64 
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assembly at oil/water interface in the presence of surfactants, e.g., 65 

cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS).22 It was 66 

found that the attractive interaction between CTAB and GO facilitated the assembly of 67 

GO at the oil/water interface and the emulsions became more unstable. In contrast, the 68 

electrostatic repulsion between SDS and GO restricted the assembly of GO at the 69 

interface and led to persistent stability of the emulsions. Considering these findings, it 70 

was hypothesized that a GO could adhere to the asphaltenes and assemble into a new 71 

GO film wrapping the oil droplets. When an oil droplet moves close to the macroscopic 72 

oil/water interface, the GO film around the droplet could interact with the GO 73 

assembled at the macroscopic interface, draining the oil drop into the bulk oil phase. In 74 

other words, the separation of oil from water was enabled by the interaction between 75 

assembled GO films. 76 

The two hypotheses above are both interesting, but direct verification using 77 

experiments is not possible due to the limitation in resolution. With the assistance of 78 

molecular dynamics (MD) simulations, Liu et al. studied the destabilization of W/O 79 

emulsion by ethyl cellulose (EC). EC molecules were found to gradually pull away 80 

asphaltenes pre-adsorbed on a toluene/water interface, which could then imply partial 81 

destruction of asphaltenes film and the coalescence of water droplets from a W/O 82 

emulsion.26 For GO as a demulsifier, although Fang et al. attempted to generate some 83 

insights from MD simulations, their simulations were very simplistic.23 Only 4 GO 84 

nanosheets were simulated at an oil/water interface, in absence of asphaltenes and for a 85 

very short simulation time of 1 ns. Therefore, direct evidence for the demulsification 86 

mechanism of GO is still lacking. Motivated by this, we performed a series of MD 87 

simulations to systematically investigate the behaviors of GO at the oil/water interface 88 

in the presence of a model asphaltene compound. Through the simulations, we address 89 

the likelihood of GO pulling asphaltenes from the interface to the bulk and that of GO 90 

forming an additional film at the interface. By properly designing the simulations, we 91 

can mimic the situations of both O/W and W/O emulsions, and study whether GO may 92 

play different roles depending on the type of emulsion. This work improves the 93 

fundamental understanding on the demulsification mechanism of GO from a molecular 94 

perspective. 95 

 96 

 97 

 98 
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2. METHODS 99 

2.1 Models and Systems Simulated 100 

Each system simulated in this work contains an oil/water interface in the presence of 101 

model asphaltenes. The oil phase was represented by toluene, considering its natural 102 

occurrence in crude oil. Violanthrone-79 (VO-79, C50H48O4) was chosen as the model 103 

for asphaltene. VO-79 has one central polyaromatic core (PAC) and two side chains, 104 

resembling the island-type structure of asphaltene proposed in the literature,27 and has 105 

been employed widely to study the behavior of asphaltenes at oil/water interface.28-32 106 

The model for GO (C106H26O20) was based on experimental characterizations and 107 

simulations in previous studies.33,34 All the carboxyl and hydroxyl groups have net zero 108 

charge to mimick an acidic environment where GO has been shown to be effective in 109 

demulsification.18 Molecular structures of VO-79 and GO are shown in Figure 1. 110 

 111 

 112 

Figure 1. Molecular structures of (a) VO-79 and (b) GO employed in this work. 113 

 114 
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 115 

Figure 2. Schematic illustrations for constructing the initial configuration of the 116 

simulated systems. 117 

 118 

A total of 5 systems were constructed as shown in Figure 2. The first system (named 119 

VD, “VO-79 Dispersed in Toluene”), as a control, involves a toluene/water interface 120 

with VO-79 dispersed in the toluene phase. GO is absent in this system. To build the 121 

initial configuration for this system, a simulation box of 12 × 12 × 12 nm3 was first 122 

filled with water molecules (Figure 2a). Then, the box was expanded in the z-direction 123 

to a length of 24 nm, and 24 VO-79 molecules were introduced randomly into the empty 124 

space. The rest of the box was finally filled with toluene. 125 

The next four systems were built to probe the interfacial behaviors of GO in the 126 

presence of VO-79. In general, oil-water emulsions can be categorized into O/W and 127 

W/O emulsions. If GO were used to treat O/W emulsion, it would be added to the water 128 

phase. Conversely, it would be introduced to the oil phase to treat W/O emulsion. In 129 

addition, for each type of emulsion we would like to explore two different scenarios: 130 
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one in which a protective film has not been formed by asphaltene molecules and they 131 

are still dispersed in the oil phase, and the other in which a protective film has been 132 

formed on the oil/water interface before the introduction of GO. These considerations 133 

led to the construction of the four systems described below. 134 

 135 

Table 1. Details of the Simulated Systems 136 

system mimicked situation Nwater Ntoluene NVO-79 NGO 

VD oil/water interface with asphaltene only 56582 11120 24 0 

VL-GinW  GO added to O/W emulsion with asphaltene film 55368  10864  24  24 

VD-GinW  GO added to O/W emulsion without asphaltene film 55182  11125  24  24 

VL-GinT GO added to W/O emulsion with asphaltene film 56706 10269 24 24 

VD-GinT GO added to W/O emulsion without asphaltene film 56582 10683 24 24 

 137 

The VL-GinW system (“VO-79 Laid on interface with GO in Water”) shown in 138 

Figure 2b represents GO added to O/W emulsion with a pre-formed asphaltene film on 139 

the oil/water interface. In this system, 24 GO molecules were added randomly into a 140 

simulation box of 12 × 12 × 12 nm3, which was then filled with water. After expanding 141 

the box in z-direction to a length of 24 nm, 24 VO-79 molecules were laid on the 142 

toluene/water interface, followed by filling the rest of the box with toluene. The initial 143 

configuration of the VO-79 molecules here was adopted from the final configuration in 144 

the simulation of VD system (see Section S1 of the Supporting Information (SI)). The 145 

construction of VD-GinW system (“VO-79 Dispersed in toluene with GO in Water”) 146 

was similar, but the 24 VO-79 molecules were introduced randomly into the toluene 147 

(Figure 2c). This system represents GO added to O/W emulsion before the formation of 148 

an asphaltene film. The next two systems represent GO added to W/O emulsion. In 149 

VL-GinT system (“VO-79 Laid on interface with GO in Toluene”) shown in Figure 2d, 150 

a 12 × 12 × 12 nm3 box was first filled with water and expanded in the z-direction to a 151 

length of 24 nm. Then 24 VO-79 molecules were laid on the toluene/water interface, 152 

followed by the random addition of 24 GO molecules into the empty space. The rest of 153 

the box was finally filled with toluene. Similar process was followed to build the 154 

VD-GinT system (“VO-79 Dispersed in toluene with GO in Toluene”) in Figure 2e, but 155 

with VO-79 dispersed randomly in the toluene. The details of these systems are given in 156 

Table 1. 157 
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 158 

2.2 Simulation Details 159 

The geometry of GO was first optimized at the B3LYP35/def2-SV(P)36 level by using 160 

the Gaussian 09 program suite,37 and then submitted to the Automated Topology Builder 161 

(ATB)38 to obtain its topology compatible with the GROMOS 53A6 force field 162 

parameter set.39 The partial atomic charges were adjusted using the CHELPG (CHarges 163 

from ELectrostatic Potentials using a Grid based method) algorithm.40 The parameters 164 

for VO-79 and toluene were obtained with the same procedure. Water molecules were 165 

described by the well tested simple point charge (SPC) model.41 Previous simulations 166 

using the obtained topologies have predicted properties consistent with experimental 167 

studies,29-34,42 for example, bulk density of toluene,42 toluene-water interfacial tension 168 

(IFT) and how it is affected by temperature, salinity and the presence of VO-79,29-31 and 169 

the formation of GO−humic acid sandwich complex,34 to name a few. 170 

All simulations were carried out using the MD package GROMACS 5.0.743-46 with 171 

periodic boundary conditions applied in all three directions. For each system, an initial 172 

steepest descent energy minimization was performed to ensure that the maximum force 173 

was less than 1000.0 kJ/(mol·nm). This was followed by pre-equilibrations of the 174 

solvent in canonical (NVT) ensemble for 100 ps and in isothermal-isobaric (NPT) 175 

ensemble for another 100 ps, with position restraints on GO and VO-79. Then, the 176 

restraints were removed, and the system was finally sampled for 60 ns in NPT ensemble. 177 

During the production runs, temperature was kept at 300 K by v-rescaling thermostat,47 178 

with coupling time (τT) set at 0.1 ps, and pressure was controlled at 1 bar by 179 

Parrinello-Rahman barostat,48 with coupling time (τP) set at 2.0 ps. LINCS algorithm 180 

was applied to constrain all bonds,49 and the equations of motion were integrated with a 181 

time step of 2 fs. Long-range electrostatic interactions were handled by Particle Mesh 182 

Ewald (PME) method,50,51 with a Fourier grid spacing of 0.15 nm. A twin-range cutoff 183 

scheme was used for short-range electrostatics and van der Waals (vdW) interactions 184 

with a cutoff value of 1.4 nm. Appropriate post-processing programs available in 185 

GROMACS were employed for trajectory analysis, and VMD52 was utilized for 186 

visualization. 187 

To calculate the toluene/water interfacial tension (IFT), each system was simulated 188 

for another 10 ns in isobaric-isothermal-isointerface area ensemble (NPnAT) after the 189 

NPT equilibration. Here, Pn and A represent the pressure in z direction normal to the 190 

interface and the interfacial area in the xy plane, respectively. The IFT (γ) is calculated 191 
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using the following equation:53 192 

1
 = 

2 2
xx yy

zz z

P P
P L

 
 

 
               (1) 193 

where Pxx, Pyy, and Pzz are the diagonal components of the pressure tensor, and Lz is the 194 

box length in the z direction. This approach has been employed widely to evaluate IFT 195 

from MD simulations.29-31,54-57 196 

 197 

3. RESULTS AND DISCUSSION 198 

3.1 Configuration and Energetics Analyses 199 

Figure 3 shows the initial (left panel) and final (right panel) configurations of the 4 200 

simulated systems: (a) and (b) for VL-GinW, (c) and (d) for VD-GinW, (e) and (f) for 201 

VL-GinT, (g) and (h) for VD-GinT. As shown in Figure 3a, initially in VL-GinW, 24 202 

VO-79 are located at the toluene/water interface while 24 GO are randomly distributed 203 

in water. By the end of the simulation (Figure 3b), the GO molecules have moved to the 204 

interface and even entered the toluene phase. While some GO form an aggregate which 205 

is attached to the interface, most GO at the interface interact strongly with VO-79, 206 

forming a GO/VO-79 binary film which appears to have more exposure to toluene than 207 

to water. In VD-GinW (Figure 3c), VO-79 and GO molecules are initially randomly 208 

distributed in toluene and water, respectively. During the simulation, both VO-79 and 209 

GO move to the interface from the bulk, although a few VO-79 remain in bulk toluene 210 

at the final stage (Figure 3d). The VO-79 and GO arriving at the interface interact with 211 

each other and form a similar binary film. However, the formed film appears to have 212 

comparable exposure to water and toluene. In VL-GinT (Figure 3e), 24 VO-79 are 213 

placed on the interface while 24 GO are added randomly in toluene. During the 214 

simulation, most GO move from bulk toluene to the interface and interact with VO-79, 215 

while a small fraction stay in the toluene and form an aggregate (Figure 3f). A 216 

GO/VO-79 binary film is again formed on the interface. In VD-GinT (Figure 3g), both 217 

VO-79 and GO are initially distributed in toluene in a random fashion. At the end of the 218 

simulation, the majorities of GO and VO-79 have moved from toluene to the interface 219 

forming a binary film. However, some VO-79 are stabilized by GO in bulk toluene, and 220 

a GO/VO-79 co-aggregate is observed (Figure 3h). The binary films formed in both 221 

VL-GinT and VD-GinT systems appear to have more exposures to toluene than to 222 

water. 223 

 224 
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 225 

Figure 3. Initial (left panel) and final (right panel) configurations of the 4 simulated 226 

systems: (a,b) VL-GinW, (c,d) VD-GinW, (e,f) VL-GinT, and (g,h) VD-GinT. VO-79, 227 

GO and water molecules are shown in olive, blue and red, respectively. Toluene 228 

molecules are not shown for clarity. 229 

 230 

To describe the movement of molecules in a more quantitative manner, the mass 231 

density distributions of individual components along the z direction (perpendicular to 232 

the interface) are plotted in Figure 4, before and after the production run. Left panel are 233 

results of t = 0 ns, which is just after the pre-equilibrations of solvent. Right panel are 234 

results obtained from average over the last 5 ns. Due to the solvent pre-equilibrations 235 

and the fact that solvent occupies majority of the volume in the simulation box, the bulk 236 
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densities of water and toluene only experience minor changes during the simulations, 237 

becoming more uniform as the solutes move to the interface. As a validation of our 238 

results, the bulk density of water from all systems is 980.3 ± 1.3 kg/m3, and the bulk 239 

density of toluene is 861.4 ± 3.7 kg/m3. These values agree well with the experimental 240 

values of 997.0 and 862.3 kg/m3 at 298 K for bulk water58 and toluene59-61 respectively. 241 

Initially in VL-GinW (Figure 4a), VO-79 is enriched at the interface with a peak in its 242 

density profile at 12.24 nm, while the distribution of GO in water is more uniform. In 243 

the final stage of the simulation (Figure 4b), a peak in the density profile of GO appears 244 

at 12.23 nm with a height of 175.05 kg/m3, which is an evidence for the accumulation of 245 

GO on the interface. The peak for the mass density of VO-79 has shifted to 12.32 nm 246 

with a considerable increase in height from 82.40 to 97.96 kg/m3. In VD-GinW, GO and 247 

VO-79 both start with a random distribution, in water and toluene respectively (Figure 248 

4c). After the simulation, GO and VO-79 gather at the interface (Figure 4d), evidenced 249 

by the appearance of two peaks: GO at 11.58 nm with a height of 235.39 kg/m3 and 250 

VO-79 at 12.56 nm with a height of 65.24 kg/m3. In VL-GinT, VO-79 starts with a peak 251 

in its density profile at 12.07 nm, while GO has a more or less uniform distribution in 252 

toluene (Figure 4e). After the simulation (Figure 4f), GO obtains a clear peak in its 253 

density profile at 12.09 nm with a height of 232.70 kg/m3. The peak in the density of 254 

VO-79 has shifted to 12.23 nm with a moderate increase in peak value from 82.40 to 255 

89.34 kg/m3. In VD-GinT, the density profiles of GO and VO-79 both change from 256 

uniform in toluene (Figure 4g) to having a peak at the interface (Figure 4h). The peak 257 

for GO is located at 12.03 nm with a height of 189.39 kg/m3 and the peak for VO-79 is 258 

located at 12.52 nm with a height of 71.49 kg/m3. 259 

At the end of the simulations, the locations of the peaks in the density profile of GO 260 

and VO-79, calculated relatively to the toluene/water interface, can be obtained. The 261 

results are shown in Section S2 of SI, along with the peak values. Except for the peak of 262 

GO in system VD-GinW, the other peaks are all located in the toluene phase. In addition, 263 

compared with the VD system where GO is absent, the peaks for the mass density of 264 

VO-79 are all located closer to the interface, suggesting that GO can create more 265 

intimate contact between water and VO-79 in toluene. Finally, it is clear from the right 266 

panel of Figure 4 that the peaks in the density profile of GO are located on the left side 267 

of the peaks for VO-79, even for the VL-GinT and VD-GinT systems where GO were 268 

initially added to toluene on the right hand side. The amphiphilic property of GO has 269 

driven them to move to the interface and even penetrate the pre-existing VO-79 film to 270 
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make contact with water. 271 

 272 

 273 

Figure 4. Initial (t = 0 ns, left panel) and final (last 5 ns, right panel) mass density 274 

distribution in z direction for VO-79 (olive), GO (blue) and solvents (water: red; toluene: 275 

black) in the 4 simulated systems: (a,b) VL-GinW, (c,d) VD-GinW, (e,f) VL-GinT, and 276 

(g,h) VD-GinT. 277 

 278 

It is clear from the snapshots and density profiles that in all cases, there is a 279 

GO/VO-79 binary film formed at the interface. To understand the forces driving the film 280 
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formation, energetics analyses were performed and the changes in interaction energy 281 

(ΔE) between individual components are plotted in Figure 5 as functions of time. ΔE 282 

values at the end of the simulations are collected in Section S3 of SI. In all systems, ΔE 283 

between GO and VO-79 is negative and decreases with time, which indicates the 284 

attraction between the two types of molecules is beneficial for the film formation. The 285 

same is true for ΔE between GO and GO. As GO move from the bulk solvent to the 286 

interface, they change from the dispersed state to a more aggregated state (see Figure 3). 287 

The reduction in their interaction energy provides another driving force for their 288 

accumulation on the interface. 289 

Other forces driving or resisting the binary film formation depend on where GO are 290 

placed initially. For O/W emulsion simulated by VL-GinW and VD-GinW systems 291 

(Figure 5a–5b) where GO are initially placed in the water phase, ΔE between GO and 292 

water is positive and increases with time, which implies an energy penalty as GO move 293 

from bulk water to the interface. Meanwhile, as GO form contact with toluene, their 294 

interaction energy decreases favoring the stabilization of GO on the interface. The most 295 

significant driving force for film formation in these two systems is the interaction 296 

between water molecules. The associated ΔE is negative, has very large magnitude and 297 

decreases with time. The initial dispersion of GO in water, although allowing GO and 298 

water to interact, does create a large disturbance to the hydrogen bonding network in 299 

water. As GO move to the interface, the hydrogen bonding network in bulk water is 300 

recovered, and water-water interaction energy is significantly reduced. 301 

For W/O emulsion simulated by VL-GinT and VD-GinT systems (Figure 5c–5d) 302 

where GO are initially placed in the toluene phase, opposite to the two systems in 303 

Figure 5a–5b, ΔE between GO and water (negative and decreasing) favors film 304 

formation while ΔE between GO and toluene (positive and increasing) resists it. As GO 305 

move to the interface from bulk toluene, ΔE between toluene molecules decreases, 306 

which also facilitates the interfacial accumulation of GO. However, the magnitude of 307 

ΔE between toluene molecules is smaller than the magnitude of ΔE between GO and 308 

water, suggesting that the most significant driving force for film formation in these two 309 

systems is GO-water attraction, rather than the recovery of bulk toluene. In other words, 310 

the disturbance to bulk solvent introduced by dispersed GO molecules is less in toluene 311 

than in water, which is not surprising given the polar nature of water molecules and the 312 

resulting hydrogen bonding network formed between them. A consequence of this is 313 

that while in Figure 3b and 3d all GO molecules are attached to the interface, in Figure 314 
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3f and 3h a few GO molecules are located in bulk toluene in an aggregated form, either 315 

with VO-79 or with other GO molecules. Through aggregation, the exposure of 316 

hydrophilic groups on GO to toluene is reduced, the favorable interaction between the 317 

hydrophobic center of GO and toluene can stabilize the aggregate, and the 318 

toluene-toluene interaction is not strong enough to drive GO to the interface. 319 

The above results have demonstrated that the formation of GO/VO-79 binary film is 320 

resisted by the interaction between GO and the solvent in which they are initially 321 

dispersed, but facilitated by the interactions between GO and VO-79, between GO 322 

themselves, between GO and the solvent they are not placed in, and between solvent 323 

molecules in which GO are initially dispersed. The other interactions shown in Figure 5 324 

namely between VO-79 molecules, between VO-79 and solvents, and between the two 325 

solvents make minor contributions to the interfacial film formation. 326 

 327 

 328 

Figure 5. Time evolution of change in interaction energy (ΔE) between individual 329 

components in (a) VL-GinW, (b) VD-GinW, (c) VL-GinT, and (d) VD-GinT. 330 

 331 

3.2 Characterization of Binary Film Formation 332 

From the observations above, regardless of whether a VO-79 film pre-exists on the 333 

water/toluene interface, or whether GO is added to water or to toluene, a binary film is 334 

formed on the interface consisting of interconnected GO and VO-79 molecules. For a 335 

better understanding of the dynamic process of binary film formation, the numbers of 336 
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VO-79 and GO molecules adsorbed on the interface are calculated (see Section S4 of SI 337 

for details of the calculation) and plotted in Figure 6. 338 

In VL-GinW (Figure 6a), the number of adsorbed VO-79 (black curve) fluctuates 339 

around 24 throughout the entire simulation, which is the initial number of VO-79 placed 340 

on the interface. The number of adsorbed GO (red curve) exhibits an overall increasing 341 

trend. It indicates that VO-79 are stably adsorbed on the interface with a few reversible 342 

detachments,32,62 while GO travel continuously from the bulk water to the interface to 343 

form the binary film. In the final stage of the simulation, the number of GO adsorbed on 344 

the interface is 24, corresponding to complete adsorption of all GO molecules. During 345 

the simulation, there are three jumps in the GO curve at 10, 14, and 32 ns, respectively. 346 

These jumps can be attributed to GO adsorption in the form of an aggregate instead of 347 

monomers (Figure 3b). In VD-GinW (Figure 6b) VO-79 and GO, initially dispersed, 348 

simultaneously approach the interface, shown by the two increasing curves. The 349 

adsorption of GO is faster than VO-79, which may be caused by the stronger interfacial 350 

activity of GO. The number of adsorbed VO-79 in the final stage is noticeably less than 351 

that in VL-GinW, due to a few VO-79 that remained in bulk toluene (Figure 3d). 352 

Observation in VL-GinT (Figure 6c) is similar to that in VL-GinW, and there is a jump 353 

in the GO curve at 20 ns. However, the number of GO adsorbed at the interface is less 354 

than 24 in the final stage, which is attributed to a GO aggregate formed in the bulk 355 

toluene (Figure 3f). Behavior in VD-GinT (Figure 6d) is also similar to that in 356 

VD-GinW, but with a smaller number of adsorbed GO and VO-79 in the final stage of 357 

the simulation. This is due to a GO/VO-79 co-aggregate that was stabilized in bulk 358 

toluene (Figure 3h). 359 

It is of interest to point out that in all systems as GO molecules are adsorbed on the 360 

interface, the fluctuations in the number of adsorbed VO-79 become smaller. It suggests 361 

that the formed binary film can stabilize the VO-79 at the interface. While the good 362 

solubility of VO-79 in toluene allows them to desorb into bulk toluene, the strong 363 

amphiphilicity of GO, as well as the attractive interactions between GO and VO-79 (see 364 

Figure 5 and Section S3 of SI), provide a stabilizing mechanism that reduces the 365 

desorption. The binary adsorption is also expected to increase the film thickness on the 366 

interface, consequently reducing the mobility of the molecules. 367 

 368 
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 369 

Figure 6. Number of VO-79 and GO molecules adsorbed at the interface as a function 370 

of time in (a) VL-GinW, (b) VD-GinW, (c) VL-GinT, and (d) VD-GinT. 371 

 372 

The effective thickness of the binary film and the distribution of VO-79 and GO in 373 

the binary film, in terms of the number of molecules in water and in tolune, can be 374 

evaluated (see Section S5 of SI for details of the calculations) and the results are shown 375 

in Table 2. For the two systems with pre-adsorbed VO-79, the thickness of the binary 376 

film increases significantly after the addition of GO: from 2.99 to 4.50 nm in VL-GinW 377 

and from 2.96 to 3.45 nm in VL-GinT. These values are slightly thicker than the other 378 

two systems (VD-GinW and VD-GinT) with dispersed VO-79. From the distribution of 379 

VO-79 and GO, it can be seen that in all systems VO-79 in the binary film have 380 

significantly more exposure to toluene than to water. The results for GO, on the other 381 

hand, vary with the systems. In VL-GinT and VD-GinT mimicking W/O emulsion, the 382 

number of GO is more in toluene than in water. This is not surprising, considering that 383 

GO is initially dispersed completely in toluene. The pre-existing VO-79 layer in 384 

VL-GinT does not present a barrier for GO to approach water. In fact, compared with 385 

VD-GinT the binary film formed in VL-GinT contains more GO and the GO molecules 386 

have more exposure to water. This is because in VD-GinT a fraction of dispersed VO-79 387 

remain in toluene and have kept some GO molecules with them via co-aggregation. 388 

There is hence a positive correlation between the total number of adsorbed VO-79 in the 389 
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film and the number of GO in the water phase. In VL-GinW and VD-GinW mimicking 390 

O/W emulsion, however, GO is initially dispersed in water. More VO-79 on the 391 

interface create a stronger pull on the GO molecules towards toluene, and hence a 392 

positive correlation exists between the total number of adsorbed VO-79 in the film and 393 

the number of GO in the toluene phase. As a result, there are more GO in toluene than in 394 

water for system VL-GinW, whereas there are more GO in water than in toluene for 395 

system VD-GinW, although the total number of GO in the film is identical in the two 396 

systems (24). 397 

 398 

Table 2. Thickness of the Binary Film and Distribution of VO-79 and GO in the Film 399 

system 
thickness (nm) NVO-79 NGO 

initial film final film in water in toluene in water in toluene 

VL-GinW 2.99 4.50 1 23 10 14 

VD-GinW  4.33 1 18 14 10 

VL-GinT 2.96 3.45 1 23 8 13 

VD-GinT  3.44 0 18 4 13 

 400 

To further characterize the structure of the binary film, quantitative analysis on the 401 

orientation of VO-79 and GO molecules at the interface was conducted by calculating 402 

the angle (θ) between the positive z axis and the normal (n) of the VO-79 or GO plane. 403 

The calculations were performed by considering average over the last 5 ns of the 404 

simulations. Angle θ can vary from 0° to 90°. When θ is less than 20°, the plane of 405 

VO-79 or GO can be considered to be almost parallel to the interface. While θ is more 406 

than 70°, the plane is considered perpendicular to the interface. Between the two limits, 407 

the molecule is considered to be in the slant state. 408 

The distributions of θ for the planes of VO-79 and GO are given in Figure 7. For 409 

VO-79 (Figure 7a), in VD system without GO, the angle has a wide distribution, with 410 

most molecules taking slant and parallel configurations (0°–70°) and less molecules in a 411 

perpendicular configuration (70°–90°). After the addition of GO, the number of VO-79 412 

molecules taking a perpendicular or slant configuration reduces substantially, and more 413 

VO-79 orient themselves with their PAC plane nearly parallel to the interface (0°–20°). 414 

From Figure 7b, it is clear that the majority of GO take a parallel configuration on the 415 

interface. In so doing, the GO molecules have a large contact area with the interface and 416 
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are stably anchored. In the meantime, the VO-79 at the interface are oriented to be 417 

parallel with GO so as to enhance the interaction between them, which becomes the 418 

dominant configuration of VO-79 in the presence of GO. 419 

 420 
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Figure 7. Distribution of orientation on the toluene/water interface for (a) VO-79 and (b) 422 

GO, averaged over the last 5 ns of the simulations. Inset: schematic depiction of the 423 

angle θ between the positive z axis and the normal (n) of VO-79 or GO plane. 424 

 425 

3.3 Interfacial Tension 426 

Surface-active chemicals from the crude oil, such as asphaltenes, can enhance 427 

emulsion stability by reducing the oil/water IFT. In turn, in most cases, demulsifiers that 428 

destabilize the emulsion cause an increase in the IFT. The toluene/water IFT of the 429 

simulated systems are shown in Table 3. As a comparison, toluene/water IFT in the 430 

absence of VO-79 and GO was calculated to be 35.41 mN/m, which is consistent with 431 

previous works.29,63 It can be seen that in VD the VO-79 molecules on the interface 432 

cause the IFT to decrease from 35.41 to 33.52 mN/m, which promotes emulsion stability. 433 

However, the addition of GO in the next four systems all leads to an increase in the IFT, 434 

which is beneficial for emulsion destabilization. The results are consistent with previous 435 

experimental studies,22,23,64 where adding GO can increase the oil/water IFT in the 436 

presence of asphaltenes, and the IFT monotonically increases with the GO dosage. 437 

 438 

Table 3. Toluene/Water IFTs of the Simulated Systems 439 

system IFT (mN/m) 

VD 33.52 

VL-GinW  35.17 
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VD-GinW  34.43 

VL-GinT 34.31 

VD-GinT 34.85 

 440 

3.4 Implications 441 

Under acid condition simulated in this work, GO molecules are found to adsorb on 442 

the oil/water interface, interact with VO-79, and form a GO/VO-79 binary film. This 443 

observation is consistent with previously reported results from interfacial rheology 444 

tests.23,64 In the meantime, the adsorbed GO are parallel to the interface and can induce 445 

parallel alignment of VO-79, changing the original interface morphology. Based on the 446 

MD results, we believe the most plausible mechanism for GO to destabilize O/W 447 

emulsion is the one proposed by Fang et al.23 GO can adhere to the initial asphaltene 448 

film and form a new binary film around the oil droplet. When the oil droplet moves 449 

close to the macroscopic oil/water interface, the binary film interacts with GO 450 

assembled at the macroscopic interface, draining the oil into the bulk and realizing 451 

oil-water separation. It is also possible that when two water droplets are both “coated” 452 

by a binary film, the adhesion between them is enhanced by the interaction of GO 453 

molecules on the outer layer. Sufficient film-film interactions could bring a large 454 

number of droplets together and ultimately cause sedimentation. 455 

To treat W/O emulsion, GO will be added in the oil phase. Although there have been 456 

few reports on GO demulsification of W/O emulsion, we believe that the observations 457 

are similar to O/W emulsion. We expect that a GO/VO-79 binary film will also form on 458 

the interface, and that GO in binary film will also be located near the water phase 459 

although it is initially added to the oil. Our simulations, however, suggest one possible 460 

difference between W/O and O/W emulsions. In W/O emulsion, although VO-79 tend 461 

to accumulate at the interface, some dispersed VO-79 could be stabilized in bulk toluene 462 

by co-aggregation with GO (Figure 3h). One can therefore hypothesize that GO may 463 

prevent asphaltene film formation in W/O emulsion, but not in O/W emulation. 464 

Although the demulsification mechanism proposed by Liu et al.18-20 was not validated 465 

in this work, it may occur under neutral or alkaline condition. It is well-known that most 466 

ionic surfactants are easily influenced by the solution pH. Previous studies have pointed 467 

out that the effect of pH on GO demulsification is significant.5,18 In alkaline solutions, 468 

GO becomes more deprotonated, more hydrophilic, and has more tendency to remain in 469 
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the aqueous phase. As such, they may be capable of pulling asphaltenes from the 470 

interface to bulk water which subsequently aggregate. Given that previous work 471 

reported GO to be ineffective in alkaline solution,18 this hypothesized scenario needs to 472 

be examined carefully by future simulations. 473 

In previous experimental studies,18-20 the dosage of GO has been shown to impact the 474 

demulsification efficiency, which increases with the GO concentration. However, when 475 

the GO concentration exceeds a threshold, its demulsification efficiency no longer 476 

increases. The threshold concentration varies with the crude sample, but is on the order 477 

of 10 to 100 mg/L. In our simulations with 24 GO molecules, the concentration of GO 478 

is calculated to be 37.3 g/L, far greater than the threshold value.18 On the other hand, 479 

when an interfacial system is simulated in MD, it is a common practice to use a 480 

relatively high bulk concentration. This is not only due to the computational limits in 481 

MD, but also supported by the rationale that it is the surface concentration instead of 482 

bulk concentration that governs the interfacial behaviors.29 Having a high bulk 483 

concentration in simulation essentially accelerates the diffusion process from bulk to 484 

interface that would have taken more time to occur in experiments. This approach 485 

allows us to observe the interfacial process within the timeframe permitted by MD 486 

simulations. According to our results, GO prefers to adsorb on the oil/water interface 487 

due to its amphiphilic property, and interact with VO-79 to form a GO/VO-79 binary 488 

film at the interface. We do not expect such a mechanism to change even if we lower the 489 

GO concentration in the simulations. 490 

Finally, real crude oil is a complex mixture, and depending on its source, there can be 491 

large variations in the composition. In this work, we used a very simple representation 492 

of the oil phase and the asphaltene, which is unavoidably associated with some 493 

limitations. For example, in a real oil sample, there are some aliphatic components, such 494 

as n-heptane and dodecane, in which asphaltenes, as well as GO, have poor solubility. 495 

Therefore, if GO is added to treat W/O emulsion in a real oil sample, the asphaltenes 496 

and GO are expected to be more readily adsorbed at the oil/water interface forming the 497 

binary film. 498 

 499 

4. CONCLUSIONS 500 

A series of molecular dynamics simulations were performed to investigate the 501 

mechanism of GO to destabilize O/W and W/O emulsions in the presence of VO-79 502 

based model asphaltenes. The snapshots and density profiles demonstrated that for both 503 
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O/W and W/O emulsions a GO/VO-79 binary film was formed, which can stabilize 504 

VO-79 at the interface. Detailed structural analysis revealed that most GO in the binary 505 

film were parallel to the interface and can induce VO-79 to be parallel with them, 506 

changing the original interface morphology. The observations from our MD simulations 507 

favor the previously proposed mechanism that GO destabilize O/W emulsions by first 508 

forming a film around the emulsion droplets and then enhancing the adhesion between 509 

droplets, or between a droplet and the macroscopic oil/water interface, through the 510 

film-film interactions. Additional IFT calculations confirmed that GO can increase the 511 

toluene/water IFT in the presence of VO-79, which is beneficial for the destabilization 512 

of emulsion. Our results provide valuable insights at atomistic level into the 513 

fundamental understanding of the mechanism of GO to destabilize O/W and W/O 514 

emulsions. 515 
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