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ABSTRACT: A series of molecular dynamics simulations were performed to investigate the 

effect of polycyclic aromatic compounds (PACs) on the coalescence of two water droplets in oil 

(i.e. ݊-heptane and toluene). Our simulations revealed that in both solvents the presence of PACs 

can significantly hinder the coalescence or even completely prevent it.  Detailed structural and 

kinetic analysis provided insights into the underlying mechanisms for the coalescence inhibition. 

In ݊-heptane, regardless of their concentration, the PAC molecules formed an adsorption layer 

on the water droplets which, if the concentration is sufficiently high, is able to introduce strong 

steric hindrance and shield the water-water interaction. While the formation of an adsorption 

layer was also observed in toluene at sufficiently high PAC concentration, the prevention of 

coalescence at relatively low concentration is mainly driven by the un-adsorbed, free-floating 

PAC molecules in the bulk toluene. The simulation results reported here fully agree with our 

previous experimental observations and well interpreted the experimental results from the atomic 

level.  

 

 

 

 

 

 

 

 



 

3 
 

1. INTRODUCTION 

Water-in-oil (W/O) emulsions are present in many industrial processes.1‐5 While they are greatly 

desired in certain areas, such as food and cosmetics processing,1,2 the emulsions formed during 

oil production can impose deleterious effects on facility maintenance, water recycling, and 

efficient processing of petroleum compounds.3‐5 Particularly, due to the presence of interfacially 

active components, W/O emulsions can be stabilized during petroleum processing, consequently 

it is extremely difficult to collect water via coalescence for recycling.5 One such interfacially 

active component is the asphaltene fraction, which are polycyclic aromatic compounds (PACs) 

with heteroatoms, and have been generally believed to stabilize the W/O emulsions.6‐11    

Therefore, a significant amount of work in literature has been dedicated to probing the 

adsorption behaviors of PAC molecules onto water droplets, as well as the resultant adverse 

effect on coalescence.6, 7, 12‐18  

 Over the past two decades, much effort has been devoted to investigating the effect of 

asphaltenes on emulsion stability.6,7,12‐14,15‐20 It has been suggested6,7,16,19,21,  22 that the protective 

layer, formed by asphaltene molecules on the water/oil interface, is responsible for stabilizing the 

emulsions. Despite the progress made in experiments, mechanistic understanding at the atomistic 

level is still under debates. For example, in literature there is no conclusive agreement on 

whether the adsorption is in the form of asphaltene monomers or aggregates, and whether the 

orientation of the polyaromatic cores of the adsorbed asphaltenes is parallel or perpendicular 

with respect to the water/oil interface.7,13-18 While with the help of  small angle X-ray and 

neutron scattering structural organization of asphaltenes at the interface can be characterized, 

such as in the work of Barre and co-authors23,24 as well as Verruto et al.25, direct visualization of 

the adsorption process at molecular level and the resultant molecular arrangements are still 
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inaccessible by the existing experimental techniques. Motivated by this, computational 

approaches, for instance, molecular dynamics (MD) simulations, which can provide atomistic 

visualizations, have been employed to investigate the behaviors of PAC molecules at water/oil 

interfaces.26‐43 

Adopting representative PACs, computational studies performed on flat water/oil 

interfaces have revealed that the type of solvent, molecular architecture and functional groups of 

the PAC, and its concentration can all affect the adsorption behaviors of asphaltenes.37‐41 For 

instance, it was observed that in ݊-heptane, PAC molecules were prone to adsorption and did so 

in an aggregated state, while they preferred to stay in the bulk toluene phase due to the better 

solubility in toluene.38,  41 Furthermore, in the work of Ruiz-Morales and Mullins,40 the relative 

orientation of PAC molecules at the interface were suggested to be affected by the presence of 

oxygen functionality in the PAC molecules. While these studies helped visualizing the 

adsorption phenomena, W/O emulsions in these works were mimicked by flat interfaces between 

water and organic solvent, which prevented the study of coalescence of water droplets. Only in 

two recent MD works were spherical water droplets employed to investigate the adsorption 

behaviors of PAC molecules.42, 43  

Firstly, in the work of Liu et al.,42 one water droplet was suspended in toluene and model 

asphaltene molecules were randomly distributed near the droplet surface. It was observed that at 

the concentration studied (205.3 g/L), the PAC molecules (C47H55NS) adsorbed on the water 

droplets were in an aggregated state with their polyaromatic cores parallel with one another but 

perpendicular to the interface. Motivated by this, our recent work,43 for the first time, addressed 

the size effects of water droplets on the adsorption of PAC molecules. Initially, representative 

PAC molecules were dispersed in an organic solvent phase (݊-heptane or toluene), which also 
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contained a single water droplet. By simulating water droplets of different radii, it was found43 

that while the size effect in toluene is only prominent when the concentration of PAC molecules 

is sufficiently high, in ݊-heptane the curvature of the PAC aggregates formed on the droplet 

surface is sensitive to the size of the water droplet. 

Despite the above efforts, to date there has not been any reports where the coalescence of 

water droplets in the presence of PAC molecules is directly simulated. To fill this gap, in this 

work, a series of MD simulations were performed on systems containing two water droplets in 

oil with PAC molecules. While droplets in experiments are in excess of 1-10 μm in size, 

aggregation/coalescence of droplets starts at nanometer scales, where the detailed mechanisms 

may not be adequately captured by experiments.44 In this context, MD simulations can be 

employed to investigate the molecular organizations and evolution of oil/water interfaces during 

coalescence. For our current work here, the droplets were initially separated by a certain distance 

in an organic solvent phase (݊-heptane or toluene), which allowed us to directly probe the 

dynamics of coalescence, the effect of PAC molecules and the underlying mechanisms.  

2. SIMULATION METHODS 

Violanthrone-79 (VO-79, C50H48O4, Figure 1) was adopted as a model PAC, which has a central 

polyaromatic core and two side chains. Oil phase was represented, respectively, by ݊-heptane or 

toluene as PAC molecules have distinct solubilities in these two solvents (݊-heptane: “bad” 

solvent; toluene: “good solvent”).45,46 It is important to note that “real” asphaltenes are a 

complex class of molecules and there are large variations in their composition from one reservoir 

to another. Consequently, it is impossible to expect a single type of model compound to 

represent the full features of asphaltenes. However VO-79 shares structural similarities with the 
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island-type asphaltenes proposed in literature,47 and its oxygen content (9.0%) is relatively close 

to that of the asphaltene fractions stabilizing W/O emulsions (4.42%-5.54%).48,49 It and similar 

molecules have been widely employed in literature as a representative model for studying 

asphaltene properties.50-54 

 

Figure 1. Chemical structure of the VO-79 compound.  

2.1. Systems Simulated. To probe the effect of VO-79 on the coalescence of water droplets, 5 

systems were constructed, each containing either ݊-heptane or toluene as the organic solvent 

phase, two water droplets, and a certain number of VO-79 molecules. Two reference systems in 

the absence of VO-79 were also simulated. Details of these systems are summarized in Table 1.  

Table 1. Details of the simulated systems  

system 
initial box 
size (nm3)  

water box 
size (nm3) 

no. of water 
boxes 

no. of ݊-heptane 
molecules 

no. of toluene 
molecules 

no. of PAC 
molecules  

PAC conc. 
(mM)  

HEP 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2 19780    
HEP-144 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2 18034  144 43.6 
HEP-432 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2 16879  432 131 
TOL 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2  27847   
TOL-144 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2  25598   144  43.6 
TOL-432 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2  24046 432 131 
TOL-24 28 ൈ 14 ൈ 14 5 ൈ 5 ൈ 5 2  27487 24 7.26 
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The first system in Table 1, namely HEP, contains ݊-heptane as the organic solvent with 

two water droplets in the absence of VO-79. In constructing the initial configurations, the water 

droplets were first introduced using two cubic water boxes, each of dimension 5 ൈ 5 ൈ 5 nm3. 

These two water boxes were packed side by side into a simulation box of dimension 28 ൈ 14 ൈ

14 nm3 (see Figure 2a). Then the rest of the box was filled with ݊-heptane molecules. During 

equilibration, the two water boxes quickly formed spherical water droplets each of radius ~ 3.10 

nm. The next two systems in Table 1 (system HEP-144 and HEP-432) also contain ݊-heptane as 

the organic solvent but with the presence of VO-79. For these two systems, to construct the 

initial configuration, 12  or 36  VO-79 molecules were arranged to form an ordered array 

occupying each facet of each water box, resulting in a total of 12 ൈ 6 ൈ 2 ൌ 144  VO-79 

molecules in system HEP-144, and 36 ൈ 6 ൈ 2 ൌ 432 VO-79 molecules in system HEP-432 

(Figure 2b). The different numbers of VO-79 molecules in these two systems allow us to 

investigate the effect of VO-79 concentration on the coalescence of water droplets.  
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Figure 2. Initial configurations (side views) for systems: (a) HEP and TOL; and (b) HEP-144 

and TOL-144. PAC molecules are mainly colored cyan and water molecules colored red; gray 

points represent organic solvents. Systems HEP-432, TOL-432 and TOL-24 share a similar 

configuration with (b), but have different numbers of PAC molecules.  

 Similar initial configurations were adopted in systems TOL, TOL-144, and TOL-432, 

which had toluene as the solvent. Furthermore, we performed an additional simulation in toluene, 

TOL-24 in Table 1. In this system, initially, a very small number (2) of VO-79 molecules were 

arranged to occupy each facet of each water droplet. The reason for performing this simulation is 

that due to the good solubility of VO-79 in toluene, coalescence of water droplets is absent even 
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in system TOL-144 (details presented in section 3). This suggests that a wider range of 

concentrations may be needed to obtain a complete picture of the effect of VO-79. Therefore we 

further lowered the concentration of VO-79 in toluene.  

2.2. Simulation Details. The topologies for VO-79, toluene and ݊-heptane were created and 

validated in our previous work,34, 35, 41,55and directly adopted here. For water molecules, a simple-

point-charge (SPC) model56 was used, which has been extensively tested in literature for 

interfacial studies.39, 57, 58 

All simulations were performed using the MD package GROMACS59‐62 with periodic 

boundary conditions applied. For each system, static structure optimization was first performed 

to ensure that the maximum force is less than 1000.0 kJ/(molൈnm). Then full dynamics 

simulation was conducted in NPT ensemble at 1 bar and 300 K for 50 ns. It is important to point 

out that due to the intrinsic limitation of MD simulations, while our simulation time is not 

directly comparable to experiments, the studies here still provide us with insights into the initial 

stage of droplet coalescence (details provided in section 3). 

During dynamics simulations, the pressure and temperature was controlled, respectively, 

using a Parrinello-Rahman barostat63 and a velocity rescaling thermostat.64 The latter is based on 

correctly producing the probability distribution of kinetic energy under constant temperature, and 

thus is an accurate method.64 Throughout the dynamics simulation, the SETTLE algorithm65 to 

constrain the intra-molecular bonds in water molecules, the LINCS algorithm66 to constrain all 

bonds in other molecules, and a time step of 2 fs were used. For all simulations, full electrostatics 

was treated by particle-mesh Ewald method,67 and van der Waals interactions were evaluated by 

a cutoff approach with a shift potential,  both having a cutoff distance of 1.4 nm. Appropriate 



 

10 
 

post-processing programs available in GROMACS were used for trajectory analysis and VMD68 

for visualization. 

3. RESULTS AND DISCUSSION 

To track the occurrence of coalescence, we monitored the distance between the centers of mass 

(COMs) of the two water droplets, namely ݀ைெሺnmሻ,  inside each system. Here for each droplet, 

the COM was determined by averaging the positions of all water molecules it contained in the 

initial configuration, and will hereafter be referred to as the “droplet COM”. When the two 

droplets coalesce, water molecules become well mixed, leading to ݀ைெሺnmሻ ൌ 0. Figure 3 

plots ݀ைெ for all the systems studied in this work. As can be seen, in the absence of VO-79 

(systems HEP and TOL), ݀ைெ  quickly decays to zero (within 5 ns), corresponding to 

coalescence. This agrees well with the phenomena observed in our recent experimental 

measurements between two water droplets in toluene or heptane using atomic force microscope 

(AFM) droplet probe technique.11 In contrast, with the presence of VO-79, the decay of ݀ைெ 

either is retarded (in systems HEP-144 and TOL-24) or diminishes (in all the other 3 systems). In 

systems TOL-144 and TOL-432 (Figure 3b), ݀ைெ  even shows an overall increasing trend, 

suggesting that the two droplets move away from each other during the simulation course. Again, 

this observation agrees well with  our AFM force measurements between two W/O emulsion 

drops, and force measurements between asphaltene layers using surface forces apparatus (SFA), 

in asphaltene-toluene solutions.10, 11, 69 To understand these phenomena as well as the underlying 

mechanisms, below, we presented a detailed investigation on the simulated systems containing 

VO-79.  
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Figure 3. (a) ݀ைெ  in systems HEP, HEP-144 and HEP-432, and (b) ݀ைெ  in systems TOL, 

TOL-144, TOL-432 and TOl-24, versus simulation time.  

3.1. Effects of PACs on Coalescence in -Heptane. From Figure 3a, coalescence of water 

droplets is observed in system HEP-144 but not in system HEP-432. To understand this, we first 

monitored the motions of the two droplets in system HEP-144 (Figure 4). The right panel in 

Figure 4 plots the radial distribution functions (RDFs) for the distance (ݎ (nm)) between the 

COM of each VO-79’s polyaromatic core and the COM of the water phase. Here the COM of the 

water phase (referred to as “water COM” hereafter) is calculated by averaging the positions of all 

water molecules in the system, i.e. from both droplets. Each RDF plot was generated by 

considering the average over a certain time span: (b) 0 to 1 ns, (d) 15 to 20 ns, and (f) 45 to 50 ns, 

so together they provide information on how the system evolves with time. The snapshots in the 

left panel of Figure 4 are representative configurations corresponding, respectively, to the three 

time spans in the right panel.  
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Figure 4. Representative configurations in system HEP-144 (left panel), and the corresponding 

RDFs of VO-79 molecules around the water COM (right panel): (a-b) initial stage, averaged over 

0 to 1 ns for (b); (c-d) middle stage, averaged over 15 to 20 ns for (d); and (e-f) final stage, 

averaged over 45 to 50 ns for (f). In the left panel, water molecules are colored red with VO-79 

molecules colored cyan; ݊-heptane molecules are removed for clarity. 
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Initially, the two droplets were separated with ݀ைெ ൌ 9 nm (Figure 3a), each surrounded 

by 72 VO-79 molecules (Figure 4a). In this scenario, the water COM is located at the middle 

point of the line connecting the individual droplet COMs. Since the radius of each water droplet 

is ~3.10 nm, the distance between the water COM and the surface of each water droplet, where 

VO-79 molecules are found, is ሺ9 െ 3.10 ൈ 2ሻ/2 ൌ 1.40 nm. Consistently, the most prominent 

peaks in the corresponding RDF (Figure 4b) are located at ݎ ൌ 1.2 െ 2	nm.  

As the simulation proceeded, the two droplets approached each other. Consequently, 

݀ைெ (Figure 3a) reduced from 9 nm (at 0 ns) to 8 nm (at ~15 ns), and continued to decrease 

between 15 ns and 20 ns. Meanwhile, initially separated VO-79 molecules began to form 

aggregates with parallel and closely stacked polyaromatic cores. As a result, they became 

localized on the droplet surfaces. This is evidenced in Figure 4c, where most VO-79 molecules 

are concentrated at the bottom of each droplet, with their cores being parallel with one another 

but perpendicular to the droplet surface. The orientations observed here is consistent with the 

experimental work of Andrews et al.,70 where “edge-on” configuration was proposed for 

Violanthrone-78 (VO-78, structurally very similar to VO-79). However it should be mentioned 

that due to the diverse molecular structures real asphaltenes possess, they have also been 

reported in literature16,70 to exhibit opposite configurations at oil/water or oil/solid interfaces, 

such as parallel to the interface. Nevertheless, regardless of the orientation, this localization 

observed on water droplets, together with the decreased ݀ைெ, leads to an overall reduction in 

the distance between VO-79 molecules and the water COM. For instance, at ݀ைெ ൌ 8 nm, the 

most probable values of ݎ would be close to ሺ8 െ 3.10 ൈ 2ሻ/2 ൌ 0.90 nm. Therefore compared 

to the initial stage (Figure 4b), the most prominent peaks in the RDF now (Figure 4d) appear at 

shorter distances (ݎ ൌ 0.4 െ 1.2	nm).  
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The aggregation and localization of VO-79 increased the area of uncovered (free) water 

surfaces (Figure 4c as compared to Figure 4a). Therefore direct contact can be formed between 

water molecules in the two droplets, which is necessary for initiating the coalescence. In return, 

the availability of free water surfaces also made it possible for the VO-79 aggregates to 

reposition themselves, thus facilitating the further deformation of each droplet. Consequently, 

coalescence was finally observed (Figure 4e), resulting in a combined droplet with radius ~3.91 

nm. Furthermore, during the process of coalescence, VO-79 previously adsorbed on different 

droplets co-aggregated on the combined droplet. The RDF at the final stage has the most 

prominent peaks at ݎ ൌ ~4.4  nm (Figure 4f), which is close to the radius of the combined 

droplet. It is worth pointing out that compared to system HEP, the coalescence was delayed in 

system HEP-144 (Figure 3a), since it required time for the adsorbed VO-79 molecules to 

reposition and co-aggregate. 

In contrast, the dynamics of the droplets in the late stage of the simulation is different at a 

higher concentration of VO-79. This is shown in Figure 5 where the representative 

configurations and the associated RDFs are presented for system HEP-432. In the initial stage (0 

to 1 ns), the configuration and RDF for system HEP-432 (Figures 5a-b) are similar to those for 

system HEP-144 (Figures 4a-b). As system HEP-432 evolved, the two droplets started to 

approach each other. Correspondingly, the prominent peaks in the RDF (Figure 5d) appear at 

shorter distances compared to Figure 5b, similar to the change observed from Figure 4b to Figure 

4d. Also, the aggregated VO-79 molecules still have their polyaromatic cores being parallel with 

one another and perpendicular to the water surface. Despite these similarities, unlike in system 

HEP-144, each water droplet in system HEP-432 is almost fully covered by VO-79 aggregates, 
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leaving hardly any free water surfaces (Figure 5c). Accordingly, significant differences are 

observed in the final stage between the two systems (Figure 4 e-f vs. Figure 5 e-f).  

 
Figure 5. Representative configurations in system HEP-432 (left panel), and the corresponding 

RDFs of VO-79 molecules around the water COM (right panel): (a-b) initial stage, averaged over 

0-1 ns for (b); (c-d) middle stage, averaged over 15 to 20 ns for (d); and (e-f) final stage, 

averaged over 45 to 50 ns for (f). In the left panel, water molecules are colored red with VO-79 

molecules colored cyan; ݊-heptane molecules are removed for clarity. 
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Firstly, in Figure 5e, some VO-79 molecules have lost direct contact with water, and are 

only adsorbed to the droplet through other VO-79 molecules. This can be attributed to the lack of 

free water surface to accommodate its interaction with all 432 VO-79 molecules. For the same 

reason, while the fully covered water droplets are bridged by the side chains of VO-79, there is 

no direct contact between the two water droplets, and of course no coalescence. Correspondingly, 

compared to Figure 4f, the prominent peaks in the RDF at the end stage (Figure 5f) still appear at 

relatively short distances ( ݎ ൌ 0.5 െ 1.5	 nm). From these observations, it is clear that at 

sufficiently high concentrations, while VO-79 molecules could bridge the two droplets, they 

brought in strong steric hindrance and shielded water-water interaction, thus introducing 

resistance to coalescence. This indicates that in ݊-heptane the two droplets are stabilized by VO-

79 after its concentration reaches a certain threshold. Indeed, it has been observed, in our 

previous experiments,10,11 that water-in-heptane emulsion droplets in the presence of asphaltenes 

tended to be stable against coalescence but adhere to each other (see Figure 6). While the size of 

the droplets employed in our simulation is on the order of ݊݉, which is considerably smaller 

than the size in experiments, the phenomena observed qualitatively agree with each other. 
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Figure 6. Stable water-in-heptane emulsion. The emulsion was prepared by adding abundant ݊-

heptane to a pre-prepared water-in-toluene emulsion with 0.3wt% asphaltene, and the image was 

taken on suspension in the supernatant layer. Full experimental details can be found in ref10, 11 . 

3.2. Effects of PACs on Coalescence in Toluene. Unlike in ݊-heptane, coalescence were absent 

in both systems TOL-144 and TOL-432. In fact, with the presence of VO-79, coalescence of 

water droplets is only observed in system TOL-24 at ~45 ns, where the VO-79 concentration is 

very low. Therefore it is of interest to investigate how the presence of VO-79 can affect the 

coalescence of water droplets in toluene, as well as how the effect may differ from that in ݊-

heptane. 

In literature, it has been observed38,  41 that unlike the evident adsorption in ݊-heptane, 

VO-79 molecules prefer to stay in the bulk toluene phase. For our systems simulated here, to 

probe the adsorption dynamics, we first calculated the number of VO-79 molecules adsorbed to 

each droplet in system TOL-144. To do so, the two droplets were labeled as Droplet 1 and 

Droplet 2 respectively. Next, two index groups were built, one containing Droplet 1 and all the 

144 VO-79 molecules, and the other containing Droplet 2 and all the 144 VO-79 molecules. Let 
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us first consider the index group containing Droplet 1. During the course of the simulation, some 

of the VO-79 molecules may adsorb onto Droplet 1, either through direct contact, or via indirect 

attachment by stacking with other VO-79 molecules. We call the water droplet along with the 

adsorbed VO-79 molecules a cluster. The number of molecules in this cluster, including water 

and VO-79, was calculated using a single linkage algorithm with cutoff distance = 0.5 nm and 

denoted by ݊ଵ. Meanwhile we also monitored the number (݊ଶ) of water molecules involved in 

this cluster. Hence the number of VO-79 molecules adsorbed to Droplet 1 is given by ݊ ൌ ݊ଵ െ

݊ଶ. In the same way, we can obtain the number of VO-79 molecules adsorbed to Droplet 2, and 

these data are plotted in Figure 7a.     

 

Figure 7. For system TOL-144: (a) number of VO-79 molecules adsorbed to each water droplet, 

and (b) representative configuration in the final stage. In (b), blue lines represent the simulation 

box, water molecules are colored red and VO-79 molecules are in cyan; toluene molecules are 

removed for clarity.  

Clearly, in Figure 7a, the two curves render an overall decreasing trend, indicating that 

the VO-79 molecules initially adsorbed to the droplets detached from them and moved into the 

bulk toluene phase. Indeed, most VO-79 molecules are distributed in the bulk in the end stage of 



 

19 
 

the simulation (Figure 7b). That is, consistent with our previous report,43 the adsorption in 

toluene is more reversible than that in ݊-heptane, a result from the better solubility of PAC 

molecules in toluene.45, 46 Although a protective layer is not formed around the water droplets at 

this concentration, the un-adsorbed, free-floating VO-79 molecules, in monomer or aggregated 

form, are dispersed in toluene and thus can create barriers for the water droplets to diffuse and 

collide. Indeed, as shown in Figure 3b, in system TOL-144, ݀ைெ  between the two droplets 

actually shows an overall increasing trend, indicating further separation of the droplets with the 

presence of VO-79 molecules. It should be pointed out that this unusual observation is likely 

induced by the very high bulk concentration employed here (see section 3.3 for detailed rationale 

of choosing such high concentrations), which, coupled with periodic boundary conditions, can 

introduce a very crowded bulk phase, resulting in  the apparent “repulsion” between water 

droplets. Nevertheless, the phenomena observed here could correspond to the repulsion effect 

detected between two approaching water-in-oil drops in the presence of asphaltenes by droplet 

probe AFM, and between two approaching mica surfaces in asphaltene-toluene or PAC-in-

toluene solutions using a surface forces apparatus (SFA), in our previous experiments. 10, 11,69,71 

Compared to system TOL-144, the bulk VO-79 concentration in system TOL-432 is 

increased by a factor of 3. Using the same method described above, we monitored the number of 

VO-79 molecules adsorbed to each droplet in system TOL-432, and this is plotted in Figure 8a. 

The first observation made from Figure 8a is that the overall decreasing trend observed in system 

TOL-144 (Figure 7a) is now absent. Instead, the two curves show significant step-wise 

fluctuations, especially in the late stage of the simulation. Further examination of Figure 8a 

reveals that the two curves frequently switch between two values: one close to ~432, 

corresponding to the total amount of VO-79 molecules, and the other close to ~216, roughly the 
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amount of initially adsorbed VO-79 molecules on each droplet. To understand this, it is 

necessary to examine the final configurations formed in system TOL-432. 

  

Figure 8. For system TOL-432: (a) number of VO-79 molecules adsorbed to each water droplet, 

and (b) representative configuration in the final stage. In (b), blue lines represent the simulation 

box, water molecules are colored red and VO-79 molecules are in cyan; toluene molecules are 

removed for clarity.  

As shown in Figure 8b, at this high concentration both droplets are coated with 

aggregated VO-79 molecules. Correspondingly in Figure 8a, at least ~216 molecules are 

adsorbed to each water droplet. Due to this strong adsorption, similar to system HEP-432, while 

the two water droplets are prevented from forming direct contact, they can be bridged by the side 

chains of VO-79 molecules. When such a bridge is formed, the 216 molecules that were 

adsorbed to Droplet 2 are now also adsorbed to Droplet 1, leading to the increase of ݊ଵ from 216 

to 432. The same occurs to ݊ଶ. On the other hand, due to the relatively large solubility of VO-79 

in toluene,45,  46 the bridge is much less stable than that in ݊-heptane. Therefore, it frequently 

breaks, and when this happens, ݀ைெ  in Figure 3b increases, and the number of VO-79 

molecules adsorbed to each droplet reduces to its initial value (~216).  
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The above comparisons between systems TOL-144 and TOL-432 have demonstrated that 

while coalescence is hindered by the un-adsorbed, free-floating VO-79 molecules at low 

concentration, at high concentration the effect of VO-79 on coalescence is two-fold. Firstly, the 

protective layer formed by the adsorbed VO-79 introduces resistance to coalescence. Secondly, 

while the adsorbed VO-79 molecules can bridge the droplets, they also have strong attractions 

with the solvent toluene. As a result they can drag the coated water droplets to diffuse in the bulk 

toluene phase, and thus cause the separation of droplets.  

While unlike in simulations, detailed locations of asphaltenes may not be readily 

observable in experiments, the macroscopic effect of concentration/solvent found in experiments 

can be correlated with the atomistic details from simulations. For example, the above simulation 

results, especially observed in system TOL-432, qualitatively agree with our recent micropipette 

tests where almost no coalescence was observed between two water-in-toluene emulsion drops at 

high asphaltene concentrations, under which some asphaltenes migrated to the oil/water interface 

and formed a “protective” interfacial layer.10 In addition, the simulation results also agree with 

our recent force measurements, using AFM droplet probe technique, between two water droplets 

in toluene having asphaltenes at the oil/water interfaces.11 In the AFM force measurements, 

repulsive forces were measured when the two W/O emulsion drops with interfacial asphaltenes 

approached each other, while adhesion was detected during separation if certain compressive 

load were applied after two emulsion drops were in contact.11 Furthermore, the results reported 

here can help to interpret our previous results on SFA force measurements, where a longer-range 

repulsion was observed during the approach of two mica surfaces (adsorbed with asphaltenes) in 

toluene solutions of high asphaltene concentrations.69 
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3.3 Implications on Droplet Coalescence As presented above, in both systems HEP-432 and 

TOL-432 (high concentration), VO-79 molecules form an adsorption layer on the water droplets. 

This finding directly supports the experimental postulation6, 7,16,19 that the protective layer, formed 

by PAC molecules on the droplet surface, is responsible for stabilizing W/O emulsions. In 

addition, our current work provides structural details regarding this adsorption layer. For instance, 

most of the adsorbed VO-79 molecules are in an aggregated form with parallel stacking of their 

polyaromatic cores. These polyaromatic cores are prone to interact with water and hence are 

perpendicular to the droplet surface, while the side chains reside in the exterior. The information 

on these molecular structures, which is not accessible by current experimental techniques, can 

help to propose appropriate means to remove or destroy the protective layer formed by PAC 

molecules.  

More interestingly, within the time scale employed here, our simulations revealed that in 

“good” solvents such as toluene, the diffusion of PAC molecules also introduced obstacles to the 

coalescence of water droplets. This is particularly important at relatively low concentration 

where adsorption is absent but coalescence is still prevented. Having the understanding of 

different mechanisms driving coalescence inhibition is essential if one is to control the 

occurrence of coalescence during industrial processing (e.g. via the use of different solvent).  

Finally, we mention that the bulk concentrations employed in our simulations are much 

higher than those usually employed in experiments. For instance, our lowest bulk concentration 

is 7.26 mM (system TOL-24), where coalescence was observed in toluene. Contrarily, in 

experiments, such as in the work of Nenningsland et al.,7  it was reported that coalescence of 

water droplets could be hindered by PAC molecules at a concentration of 0.08 mM in xylene. 

Since toluene and xylene have similar molecular structures, the distinct difference should be 
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attributed to the fact that “local concentrations” rather than “bulk concentrations” determine the 

occurrence of coalescence. As discussed in our previous work,43 in experiments where 

coalescence is absent, the local concentration of PAC molecules near the water droplets can be 

much higher than the homogenized bulk concentration.72 Therefore, to mimic the high local 

concentration in experiments, it is actually required to adopt higher bulk concentrations in MD 

simulations. Specifically, in the work of Andrews et al.,70 the area per VO-78 molecule on the 

interface was calculated to be 0.65 nm2.  In our systems HEP-432 and TOL-432, the total surface 

area of the two droplets is 2 ൈ 4 ൈ π ൈ ሺ3.10ሻଶ ൌ 242	nm2, and hence area per VO-79 molecule 

on the interface is 242/432 ൌ 0.56  nm2, close to the surface concentration calculated by 

Andrews et al.70 On the other hand, they correspond to drastically different bulk concentrations, 

93.3 mg/mL in our simulations vs. 0.1 mg/mL in the experiments of Andrews et al.70 

Finally, it should be emphasized that while our droplet sizes (~nm) are orders of 

magnitude smaller than those naturally encountered in petroleum processing (~μm), they are 

comparable to the sizes (~nm) of nanoemulsions stabilized by surfactants in experiments.73,74 

Therefore the discussion presented here can provide valuable information for preparing desired 

nanoemulsions. For instance, it can help with predicting the stability of nanoemulsions under 

different solvent and concentration conditions. 

4. CONCLUSIONS 

In this work, we employed all-atom MD simulations to investigate the effect of PAC molecules 

on the coalescence of water droplets in ݊-heptane and toluene. It was found that in both solvents, 

the presence of PAC molecules can either delay or completely prevent the coalescence. In ݊-

heptane, irrespective of the concentrations, the adsorption of PAC molecules leads to the 
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formation of a protective layer on the water droplet. At sufficiently high concentrations, the 

steric hindrance and shielding introduced by the adsorption layer can prevent the water droplets 

from coalescence. In contrast, due to the better solubility of PAC molecules in toluene, their 

effect on coalescence is also different. At low concentrations, the PAC molecules prefer to stay 

in the bulk toluene phase, and these un-adsorbed free-floating PAC molecules can create barriers 

for water droplets to collide and to coalesce. With increasing concentration, like in ݊-heptane, a 

protective layer is also formed by PAC molecules on the water droplets in toluene. However, 

these adsorbed PAC molecules can drag the coated water droplets to diffuse in the bulk toluene, 

thus bringing additional obstacles to coalescence. These findings fully agree with our previous 

experimental observations and clarify the fundamental mechanism for the effects of PAC 

molecules on droplet coalescence in different solvents and at different concentrations.  
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