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Abstract 

Many applications in the Oil & Gas industry require modeling physicochemical properties of 

complex mixtures. In this work we propose a methodology to predict the interfacial tension of 

water/crude oils by modeling the composition of crude oil samples using a combined approach of 

experimental characterization, molecular representation (surrogate) and mesoscopic simulations 

such as Dissipative Particle Dynamics (DPD). The methodology for molecular representation is 

based on the experimental analysis by separation of crude oil according to the number of carbon 

atoms in molecules into two fractions: C20- and C20+. A lumping approach was applied to the C20- 

fraction and a stochastic reconstruction approach was employed on the C20+ fraction. The influence 

of the different variables (chemical diversity and number of molecular types in the C20+ fraction) 

of the models was analyzed to propose surrogates based on building units with different functional 

groups. Based on a previous work (JCTC 2018, 14, 4438–4454) a thermodynamically consistent 

methodology was applied to obtain the DPD interaction parameters of the different chemical 

building units. DPD simulation on the model crude oil provides predictive values of the interfacial 

tension that are in good quantitative agreement with the experimental data. 

Keywords: Dissipative Particle Dynamics, coarse-grained, interfacial tension, crude oil, 

parametrization, stochastic reconstruction, lumping method.  
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1. Introduction 

Crude oil is found in Earth’s subsurface areas called reservoirs. Its extraction usually takes place 

into three phases. Primary oil recovery technique relies on the existing natural difference of 

pressure between the reservoir and surface. The recovery rate is low and generally around 5% 

OOIP (Original Oil in Place) for heavy oils and can reach 25% OOIP for light oils1. Secondary 

recovery allows, on average, to increase the recovery rate to 30% OOIP by maintaining a pressure 

in the reservoir by injection of water or gas1. However, a large part of the oil remains stuck in the 

pores of the rock due to capillary forces2. Tertiary recovery methods called Enhanced Oil Recovery 

(EOR) have been developed in order to increase significantly the quantities of oil that can be 

extracted from a reservoir. EOR methods aim to affect the properties of mobility and wettability 

of the oil to facilitate its displacement to production wells.  

Several EOR processes exist to increase the mobility of oil by modifying either (i) the 

temperature of the reservoir by the injection of hot water or steam, (ii) the miscibility of the oil 

with water by the addition of a phase of hydrocarbons or (iii) the interfacial tension between oil 

and water by the introduction of an ASP (Alkaline/Surfactant/Polymer) formulation. This latter 

process is called chemical EOR (cEOR). This approach consists of determining the best ASP 

combinations to mobilize the oil trapped in the reservoir by acting on capillary forces. To reduce 

capillary forces, the viscosity of the fluid can be increased and/or the interfacial tension (IFT) 

between oil and water reduced. The ASP formulation aims at reaching an ultralow IFT for the 

brine/surfactant/crude oil systems. However, the difficulty of the formulation design stands in the 

fact that each oil reservoir is unique and they differ from each other by their composition, salinity, 

pressure, and temperature condition; so a specific S/SP/ASP formulation for a given reservoir is 

necessary. 
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Identification and selection of relevant surfactants are challenging due to complex involved 

phenomena, and it requires a large number of trial-and-error tests. This procedure could in 

principle be improved if a reliable method to predict the physicochemical properties of crude oils 

based on their composition is available. This hypothesis is based on the assumption that crude oil 

properties can be correlated with its composition. Modeling tools such as molecular simulation 

techniques are suitable for this task since they provide information about phenomena occurring at 

the molecular level of interfaces.3 Performing molecular simulation requires to establish a 

molecular representation of the system and select relevant force fields. However, petroleum is a 

mixture of thousands of molecules. Even now, the precise molecular description of the petroleum 

with available analytical techniques is a real challenge.  

Analytical techniques commonly used in the oil industry provide only global and average 

information such as elemental analysis, average density or distillation curves of petroleum and its 

fractions4. The most common analytical techniques (bidimensional chromatography, RMN 

spectroscopy, mass spectrometry, etc.) provide statistical data on the distribution of atoms or 

groups of atoms in petroleum fractions5,6. The characterization of crude oil, from a molecular point 

of view, has been the subject of many works since the 1970’s7–9. Recent developments on advanced 

analytical techniques, such as reversed-phase high-temperature comprehensive two-dimensional 

gas chromatography time-of-flight mass spectrometry (GC × GC−TOFMS)10 or Fourier transform 

ion cyclotron resonance mass spectrometry (FT-ICR MS)11 allow the identification of a large 

number of chemical species present in complex fluids such as crude oils. The use of detailed 

compositions for physical property predictions requires two aspects: 1) having access to 3D 

detailed structural information of the molecules, and 2) an adapted number of chemical species 

(surrogates) that can be handled by any kind of predictive model or method.  
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Several works have been devoted in the literature to obtain surrogate models of different 

petroleum cuts such as gasoline,12 diesels,13 jet fuels14 and coal liquid fuels,15 but only few works 

attempt to propose representative specific molecular structures to model the behavior of real 

complex fluids. We can mention the work of Ungerer et al.16 who performed Monte Carlo (MC) 

simulations to determine the vapor-liquid equilibrium (VLE) with hydrocarbons ranging from C10 

to C36, validating with experimental data the saturation pressure and the liquid density. Then, they 

applied this approach to represent nine crude oils, ranging from light (density < 870 kg/m3) to 

heavy oils (920 - 1000 kg/m3). Experimental methods as SARA analysis (saturates, aromatics, 

resins and asphaltenes) and HTGC (High-Temperature Gas Chromatography) were used to 

describe the molecular structure of each crude oil. Guan et. al17 proposed a methodology based on 

the structural unit (SU) and Dissipative Particle Dynamics (DPD) to reproduce the self-assembly 

behavior of heavy petroleum systems. They performed a SARA analysis to determine the 

molecular component distributions. Then, they generated molecular structures to feed molecular 

simulations based on different experimental methods (microscopic atomic force, residue 

composition analysis).  

Molecular simulation techniques can provide information not easily accessible by experimental 

techniques such as the local composition of mixtures at interfaces. Several works have been 

devoted to analyze the influence of complex molecules, such as asphaltenes, on the interfacial 

tension of water/hydrocarbons.18–21 However, to the best of our knowledge, there is no information 

in literature about a quantitative prediction of the water/crude oil interfacial tension (IFT) based 

on a realistic molecular representation of a crude oil. So, for this work, we propose to combine 

existing approaches to establish a simplified molecular representation for a crude oil sample. The 

present article is organized as follows: section 2 is devoted to the description of the methods used 
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to characterize the crude oil samples and the workflow strategy to obtain molecular structure 

representation of crude oils followed by the parameterization of the interactions required for DPD 

simulations. In section 3 we provide the computational details used to obtain the IFT of the 

different systems by means of DPD simulations. The analysis of the results and comparison 

between experimental and simulation data is provided in section 4 followed by conclusions in 

section 5. 

2. Workflow strategy and methods 

The general strategy developed in our work is presented in Scheme 1. Detailed description of 

the different methods is presented in the following sub-sections.  

 

Scheme 1. Workflow of the steps involved in the mesoscopic modeling of a crude-oil. 
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2.1. Experimental characterization of the crude oil: In a first step, one crude oil sample is 

separated into two fractions according to the number of carbon atoms by distillation: Light fraction 

with molecules with less than 20 carbon atoms (C20-, using the ASTM D-2892-1 norm) and a heavy 

fraction (C20+, using the ASTM D-5236-13 norm). The C20- fraction corresponds to compounds 

whose boiling point is lower than 344 °C while the C20+ fraction contains compounds whose 

boiling point is higher than 344 °C. According to the mass repartition the light fraction of our 

sample represents 51.6 % (w/w) whereas the heavy fraction represents 48.4% (w/w) of the whole 

fluid. 

The elementary analysis (EA, ASTM D5291) SARA analysis, boiling point (BP), distillation 

curves (DC), simulated distillation (SD, ASTM D2887) and volumetric mass density (VMD) have 

been performed on our sample where a detailed description is provided in Supporting Information. 

The EA and the SARA analysis are reported in Table 1 and Table 2 respectively. As boiling points 

of oil fractions increase, amounts of the C/H ratio, sulfur, nitrogen and metallic content increase. 

This experimental characterization is required as an input data for the molecular representation of 

a crude oil proposed in this work as described below. 

Table 1. Elementary analysis (in % w/w according to the ASTM D5291) of the crude oil sample 

used in this work. 

Atom C20- C20+ 

C 85.1 84.2 

H 13.69 11.39 

N 0.09 0.19 

O 0 0.25 

S 0.53 3.59 
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Undefined 0.67 0.38 

 

Table 2. SARA analysis (derived from the standards ASTM D2007) and AFNOR (NF T01-005 

and NF T01-042) of the C20+ fraction of the crude oil sample used in this work. 

Family % (w/w) 

Saturates 29.7 

Aromatics 44.4 

Resins  21.6 

Asphaltenes 1.7 

Undefined 2.6 

 

Interfacial tension was measured between the crude oil sample and a reference brine using a 

commercial device based on the Wilhelmy plate method, at room temperature. Details are provided 

in the Supporting Information. It is important to note that for crude oil sample, the experimental 

IFT was measured with a salt concentration (NaCl) of 5 g/L in the aqueous phase. We consider 

that this value is low enough to assume negligible effects of the salt on measured IFT which is 

29.3 ± 0.2 mN/m when the system is at equilibrium (i.e. stable IFT values over time). 

2.2. Molecular representation of crude oil fractions: In a recent work, Alvarez-Majmutov et al. 

proposed a method for generating a computational mixture of representative hydrocarbon 

molecules that mimics the properties of heavy vacuum gas oil samples.22 In their approach a 

combined series of experimental characterization with statistical sampling (Monte Carlo) was used 

to create 3D structures of molecules that can be fitted in a two-dimensional gas chromatography 

with a flame ionization detector (GC × GC−FID) and a sulfur chemiluminescence detector (GC 

×GC−SCD), respectively. We follow a similar approach but considering a full crude oil sample. 
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Both light (C20-) and heavy (C20+) fractions were analyzed to measure fluid’s physical and chemical 

properties required for the molecular representation. To represent the light fraction, (C20-), we used 

the dynamic clustering algorithm to group components according to their physico-chemical and 

thermodynamic properties (lumping method).12 This approach has already been used to represent 

petroleum cuts (gasoline23 and diesel24) and it allows to limit the number of representative 

compounds. To represent the heavy fraction, (C20+), two methods were sequentially used: the 

Stochastic Reconstruction (SR), followed by the Reconstruction by Entropy Maximization (REM). 

These methods were developed to represent heavy oil fractions (from diesel to vacuum residues25–

31). Then, the molecular representations of light and heavy fractions were converted in a coarse-

grained (CG) model using different chemical structures as building units (see details in the 

Methods section).  

2.2.1 Light fraction representation: We propose to represent the light fraction of the crude oil 

with lumping methods; which allow reducing the composition of a fluid to a few representative 

compounds. The algorithm used in this work is known as “dynamic clustering algorithm”24,32,33 

The simulated distillation curve for the C20- fraction of our crude oil sample is available in the 

Supporting Information.  

This two-step methodology provides slightly better results than a direct conversion of a 

simulated distillation curve to a True-Boiling-Point (TBP) curve34. Conversion from the 

experimental simulated distillation curve into an ASTM D86 norm an then to a TBP curve can be 

found in the Supporting Information. Once calculated, the TBP distillation curve is divided into 

20 equivalent temperature intervals. Pseudo-components derived from the distillation curve are 

used as initial fluid in the lumping method. The objective of the lumping method is to reduce the 

number of pseudo-components to only 5, but still preserving the capability of reproducing the 
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phase behavior of the original real fluid. The last step consists in assigning to each pseudo-

component a representative molecule extracted from a gasoline database containing about 250 

molecules35 (see details of the complete procedure in the Supporting Information).  

 

2.2.2 Heavy fraction representation: Lumping methods are effective for representing 

hydrocarbon mixtures with low molecular weight and low heteroatoms content; however, the 

presence of these heteroatoms cannot be ignored for the case of resins and asphaltenes due to their 

polarity and the possibility of forming hydrogen bonds. So, for the heavy fraction (C20+), the SR 

and the REM methods are needed. These methods are briefly explained hereafter.  

Stochastic Reconstruction (SR): SR is a method for building molecules to form a mixture whose 

properties are in agreement with experimental data. It is based on the assumption that a petroleum 

fraction can be entirely characterized by a set of probability distribution functions of molecular 

structural attributes. Any molecule in the petroleum feedstock can be considered to be an assembly 

of molecular attributes (for example the type of a molecule, the number of aromatic rings in a 

molecule, the number of aliphatic chains in a molecule, etc.). The occurrence frequency of an 

attribute is given by a probability distribution function. By arranging basic molecular building unit 

structures next to each other, it becomes possible to form complex molecules. Molecular attributes 

must be chosen on the basis of the chemical characteristics of the petroleum fraction to be 

represented. Based on the work of Schnongs et al.31, de Oliveira et al.29,36 proposed to describe the 

fraction of vacuum residues with a total of 16 structural attributes. The list of attributes, their 

possible values, their type of distribution function and the number of parameters for the distribution 

functions used for the genetic algorithm are presented in section 3.2 of the Supporting Information. 
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The parameters of the genetic algorithm have been fixed at those used by de Oliveira et al.29 for 

the heavy fraction. The result of the SR is a list of 10 to 20 molecules that should represent the 

heavy fraction of crude oils (C20+), though their proportion (molar fraction) is not necessarily 

optimal. In fact, additional information is required to improve the molar fraction of the heavy 

fraction. This optimization is performed by the REM method described below. 

Reconstruction by Entropy Maximization (REM): The REM method was developed at IFP 

Energies nouvelles by Hudebine and Verstraete 26,30 to improve the concordance between the 

properties of a mixture with the analytical data. The molar fractions of a library of molecules are 

adjusted based on the information entropy criterion. Originally formulated in the context of 

Shannon's information theory37, this entropic criterion can be adapted for the study of oil 

composition. Additional technical details concerning the application of the REM method are 

provided in the Supporting Information.  

 

2.3 Dissipative Particle Dynamics (DPD): The size and complexity of molecular structures in a 

crude oil (particularly the heavy fraction), and the time and length scales involved in the interfacial 

phenomena (e.g., IFT) makes impossible the use of molecular simulation at atomic level. 

Therefore, we decided to consider DPD technique developed by Hoogerbrugge and Koelman38,39 

to handle the crude-oil/water system. DPD simulations consist of pairwise interaction between 

“beads” (particles representing groups of atoms or molecules). The total force 𝐟𝐢 exerted on a bead 

𝑖 by another bead j is defined as the sum of the conservative (𝐅𝐢𝐣
𝐂), dissipative (𝐅𝐢𝐣

𝐃), random (𝐅𝐢𝐣
𝐑) 

forces and intramolecular force (𝐅𝐢𝐣
𝐢𝐧𝐭𝐫𝐚) as shown in Eqs. (1) to (10): 

𝐟𝐢 = ∑(𝐅𝐢𝐣
𝐂 + 𝐅𝐢𝐣

𝐃 + 𝐅𝐢𝐣
𝐑 + 𝐅𝐢𝐣

𝐢𝐧𝐭𝐫𝐚)

𝑗≠𝑖

 (1) 
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𝐅𝐢𝐣
𝐂 = 𝑎𝑖𝑗 (1 −

𝑟𝑖𝑗

𝑟𝑐
) �̂�𝐢𝐣 (2) 

𝐅𝐢𝐣
𝐃 = −𝛾𝑖𝑗𝜔𝐷(𝑟𝑖𝑗)(�̂�𝐢𝐣 ∙ 𝐯𝐢𝐣)�̂�𝐢𝐣 (3) 

𝐅𝐢𝐣
𝐑 = 𝜎𝑖𝑗𝜔𝑅(𝑟𝑖𝑗)𝜃𝑖𝑗�̂�𝐢𝐣 (4) 

𝐅𝐢𝐣
𝐢𝐧𝐭𝐫𝐚 = −𝐾(𝑟𝑖𝑗 − 𝑟0)�̂�ij (5) 

where 𝑎𝑖𝑗 is the interaction parameter representing the maximum repulsive magnitude between 

beads 𝑖 and 𝑗, 𝑟𝑐 is the cutoff radius, �̂�𝐢𝐣 is the position unit vector defined by beads i and j. 𝜔𝐷(𝑟𝑖𝑗) 

is the dissipative weight function, 𝛾𝑖𝑗 the friction coefficient, 𝐯𝐢𝐣 is the relative velocity between 

bead 𝑖 and bead 𝑗, 𝜔𝑅(𝑟𝑖𝑗) is the random weight function, 𝜎𝑖𝑗 is the random force amplitude for 

the bead 𝑖 and bead 𝑗, 𝜃𝑖𝑗 is a random number with zero mean and unity variance when averaged 

over time, 𝐾 is the spring constant and 𝑟0 is the equilibrium spring distance. 

According to Español and Warren40, the dissipative forces (𝐅𝐢𝐣
𝐃) and the random forces (𝐅𝐢𝐣

𝐑) must 

be coupled with a fluctuation-dissipation relation in order to define the temperature of the system. 

They derived the Fokker-Plank equation for the DPD model proposed by Hoogerbrugge and 

Koelman, relating the friction coefficient 𝛾𝑖𝑗 between particles i and j with the random force 

amplitude 𝜎 in Eq. (6) and the weight functions 𝜔𝐷(𝑟𝑖𝑗) and 𝜔𝑅(𝑟𝑖𝑗) in Eq. (7). 

𝜎2 = 2𝛾𝑖𝑗𝑘𝐵𝑇, (6) 

𝜔𝐷(𝑟𝑖𝑗) = [𝜔𝑅(𝑟𝑖𝑗)]2 = {
(1 −

𝑟𝑖𝑗

𝑟𝑐
), 𝑟𝑖𝑗 ≤ 𝑟𝑐

0, 𝑟𝑖𝑗 > 𝑟𝑐

 (7) 

where 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature. According to these assumptions, the 

system is ensured to maintain the temperature equilibrium and follow the constant number of 

particles, volume and temperature (canonical NVT) ensemble.  
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To perform DPD simulations, the molecular representations of light fraction (C20-) and heavy 

fraction (C20+) are converted into a coarse-grained model. In this work, the coarse-grained model 

is built according to three criteria:  

a) Represent as closest as possible the same molecular volume for all DPD beads used to model 

the IFT41,42.  

b) Using a coarse-grained level (Nm) that better represents all the functional groups used to 

represent the molecules.  

c) Limit the CG representation to only a few types of beads, so the number of interactions that 

must be parameterized remains limited.  

In this work, we have selected a set of 12 different chemical structures (or functional groups) as 

building units or DPD beads for the mesoscopic model as can be seen in Figure 1. In order to 

preserve the chemical diversity, six building blocks are used to represent the different functional 

groups containing heteroatoms: thiol, thiophene, pyridine, ethylamine, phenol and furan. The 

parameterization of interactions between DPD beads were carried out in order to reproduce crude 

oil/water equilibrium. The methodology proposed here was based on a previous work43, where 

water/hydrocarbon/solute ternary systems were parameterized. Beads used in the coarse-grained 

representation of the crude oil were classified into three categories: water beads that represent the 

aqueous phase, hydrocarbon beads that represent the organic phase and compounds with a 

heteroatom that represent chemical functions present in some crude oil molecules.  
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Figure 1. List of beads used to represent the crude oils. Water beads contain four molecules of 

water (𝑁𝑚 = 4). For simplicity, sulfide functional groups (R-S-R’) are considered similar to thiol 

(R-SH) functional groups. 

Interaction parameters between DPD beads were estimated using different approaches: (i) 

Hildebrand solubility parameters or (ii) thermodynamic model SRK-MHV2-UNIFAC calculations 

(accordingly to the type of bead interactions). This methodology has been applied and validated 

for water/hydrocarbon/solute ternary systems43. The parameters for a crude oil/water system were 

obtained as follows: 

a) Interactions between like beads. The corresponding interaction parameters are calculated from 

the isothermal compressibility of water as proposed by Groot and Warren 44(here, 𝑎𝑖𝑖 = 𝑎𝑗𝑗 =

25). 
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b) Functional group/water and functional group/hydrocarbon interactions. The interaction 

between molecules with heteroatoms and water have been obtained by means of the Flory-

Huggins parameter () using the following relation,  


𝑖𝑗

=
[ln (𝑥𝑖 ∙ 

𝑖𝑗
) − ln (1 − 

𝑗
)]


𝑗
2  (8) 

where xi is the molar fraction of i and j is the volume fraction of j, ij is the activity coefficient 

of a solute molecule i in a solvent j. We propose to use a thermodynamic model to predict the 

values of ij. We have tested a certain number of thermodynamic models available in the 

literature (see Supporting Information for details). Their quality has been evaluated by direct 

comparison of the model predictions with reference experimental data on liquid-liquid 

equilibria for several ternary systems containing two immiscible solvents (water and a 

hydrocarbon) and a partially miscible organic molecule containing an oxygen heteroatom 

(forming a hydrogen bond with water) used in our previous work.43 After our analysis, we have 

selected the SRK-MHV2-UNIFAC45 thermodynamic model to estimate the functional 

groups/water activity coefficient (details of the models and the evaluation tests are provided in 

the Supporting Information). Then the interaction parameter can be estimated as suggested by 

Groot and Warren44 as aij=3.5*ij+25. 

c) Functional group/functional group and water/hydrocarbon interactions. These interaction 

parameters are calculated using Hildebrand solubility parameters (). We assume that the 

overall concentration of heteroatoms is low, and therefore, the number of functional 

group/functional group interactions is too small to influence the result of the simulations and 

can be fairly well estimated by means of Hildebrand solubility parameter. The  parameter can 

be obtained as, 
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𝑖𝑗

=
𝑣𝑏

𝑘𝐵𝑇
(𝛿𝑖 − 𝛿𝑗)2 (9) 

where 𝑣𝑏 is the mean volume of a bead. Hildebrand solubility parameters are extracted from 

the DIPPR46 and are given in the Supporting Information. 

The complete matrix of interaction parameters for the crude oil/water system is presented in 

Table 3. Some of the water/functional group interactions presented in Table 3 reflect the presence 

of hydrogen bonds with negative values of the  parameter (e.g., those between water/thiol and 

water/ethylamine with W/Thiol= -1.63 and W/Ethylamine= -3.46, respectively) and with repulsive 

parameters which are less than 25 (i.e., less than the water-water interaction). 

 

Table 3. Interaction parameters calculated for the crude oil/water system (in DPD unit) for the 

different bead types defined in Figure 1.  

 

 Parameters obtained from the isothermal compressibility of water , parameters calculated using a 

thermodynamic SRK-MHV2-UNIFAC model , and parameters calculated using the Hildebrand solubility 

parameters . 

 

3. Computational details 

All simulations of crude oil/water systems were performed in the native NVT ensemble of DPD 

using the NEWTON Molecular Dynamics simulation package.47 Initial simulation boxes 

Bead type Symbol W n-par i-par Benz P-xyl Cycl Fur Phe Thp Thl Pyr Ethl Acd

Water W 25.0 136.0 152.1 111.6 116.3 128.0 113.0 32.3 30.6 19.3 26.4 12.9 25.2

n-paraffin n-par 136.0 25.0 25.5 26.5 26.0 25.1 26.3 38.5 29.3 29.5 33.5 30.7 32.9

i-paraffin i-par 152.1 25.5 25.0 28.9 28.0 26.3 28.6 37.7 28.3 27.5 33.0 29.3 30.8

Benzene Benz 111.6 26.5 28.9 25.0 25.1 25.7 25.0 29.8 25.2 25.5 25.6 26.4 26.2

p-xylene P-xyl 116.3 26.0 28.0 25.1 25.0 25.3 25.0 30.8 24.8 24.7 26.7 27.5 26.7

Methylcyclohexane Cycl 128.0 25.1 26.3 25.7 25.3 25.0 25.6 36.3 25.9 27.6 30.3 29.8 31.2

Furan Fur 113.0 26.3 28.6 25.0 25.0 25.6 25.0 29.2 25.3 25.1 26.0 25.0 25.3

Phenol Phe 32.3 38.5 37.7 29.8 30.8 36.3 29.2 25.0 27.3 28.1 26.1 28.4 27.3

Thiophene Thp 30.6 29.3 28.3 25.2 24.8 25.9 25.3 27.3 25.0 25.1 25.2 25.1 25.0

Thiol Thl 19.3 29.5 27.5 25.5 24.7 27.6 25.1 28.1 25.1 25.0 25.5 25.0 25.1

Pyridine Pyr 26.4 33.5 33.0 25.6 26.7 30.3 26.0 26.1 25.2 25.5 25.0 25.6 25.2

Ethylamine Ethl 12.9 30.7 29.3 26.4 27.5 29.8 25.0 28.4 25.1 25.0 25.6 25.0 25.1

Acetaldehyde Acd 25.2 32.9 30.8 26.2 26.7 31.2 25.3 27.3 25.0 25.1 25.2 25.1 25.0



 17 

containing about 162000 beads were built using the PACKMOL software package48,49. All initial 

configurations have been constructed in such a way to have equal composition at each side of the 

interfaces. The detailed molecular composition of the simulations boxes is given in the Supporting 

Information. Boxes dimensions were set to 𝐿𝑧 = 60, 𝐿𝑥 = 𝐿𝑦 = 30 (in DPD units). Two planar 

interfaces were created normal to the z-axis. In all simulations, periodic boundary conditions were 

imposed in all directions.  

For DPD simulations, reduced units were used. The mass for all beads is fixed to unity. The bead 

volume, 𝑣𝑏, is defined as 𝑣𝑏 = 𝑁𝑚 × (volume of a water molecule), where 𝑁𝑚 is the degree of 

coarse-graining. For this work 𝑁𝑚 = 4, the bead volume is equal to 𝑣𝑏 = 120 Å3. The cut-off 

radius is given from the volume of the beads with 𝑟𝑐 = (�̅� × 𝑣𝑏)1/3. With an overall DPD number 

density �̅� set to 3, the cut-off radius is equal to 𝑟𝑐 = 7.11 Å. For all flexible molecules the spring 

constant 𝐾 = 100.0 and equilibrium distance 𝑟0 is 0.7 ∗ 𝑟𝑐 (both values in DPD units). These 

values are commonly used in the literature for bond forces.50–52 The dissipative force γ and random 

force σ were set to 4.5 and 3, respectively, to keep the temperature fixed at 𝑘𝐵𝑇 = 1; thus satisfying 

the fluctuation-dissipation relation. 

A modified version of the velocity-Verlet algorithm44 was applied in this work, and the time step 

was fixed at δt = 0.01 in DPD units. Simulations have been carried out using 1.5x106 steps of 

equilibration and 3x105 steps of production. DPD simulations of each representation of a crude 

oil/water system were repeated four times using completely independent initial configurations 

(position and initial velocities of the molecules were randomly generated). The interfacial tension 

(IFT) for each configuration was calculated in a similar manner as in our previous work,43 

according to the local method proposed by Irving and Kirkwood.53  
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Another relevant issue when performing simulations with explicit interfaces is the eventual 

migration of molecules from bulks to interfaces. This is the case of molecules containing 

heteroatoms behaving as surface-active species. This migration of molecules will modify the 

composition of the bulk phase. We recently showed that a way to solve this problem would be to 

carry out an equilibration step in the osmotic ensemble (µNPT) using Monte Carlo (MC) 

simulations.43 This ensemble would correct the composition of the bulk phase to compensate the 

variation of the composition mentioned before. The chemical potential of each specie of the oil 

could be estimated by Widom test insertion of a separate independent bulk phase (without the 

explicit interface). However, the main problem with this approach would be the efficiency of the 

MC method to insert large complex molecules, which would make this simulation impractical. 

Alternatively, we correct the composition of the bulk phases by using an iterative approach where 

we survey the composition of each molecule in the oil phase after 1x105 steps (phase composition 

is estimated by integrals of the local density profiles). If a significant deviation from the initial 

composition of all the species is detected (>2%), we corrected the number of molecules of the 

concerned specie (respecting as much as possible the symmetry for the number of molecules in 

the bulk phases), and we restart the simulation (always verifying the global mass balance). This 

procedure allows converging to the desired bulk initial composition in only few iterations (between 

three and four). 

4. Results and discussion 

We generated one representation for the light fraction and eight different representations for the 

heavy fraction. The choice of one representation for the light fraction can be justified because the 

C20- fraction is expected to have a lower diversity in terms of molecular complexity as compared 

to the heavy fraction, and also by the experience acquired in the past using lumping method to 
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represent fuel gasolines23 and diesels24 which can be assumed similar to the C20-. The 

representation of the C20+ fraction is more complicated since the molecular diversity in terms of 

chemical nature and size is much larger. Heavy compounds have a strong impact on transport or 

interfacial properties, and the representation of the heavy fraction should be proceeded with care. 

Thus, representations of the C20+ fraction were generated by means of SR and REM methods. We 

have investigated the influence of the number of molecular types to represent the heavy fraction, 

and the initial SR step is used to produce mixtures containing maximum 10 molecules 

(representations R1 to R4) or maximum 20 molecules (representations R5 to R8). Finally, molar 

fractions of molecules in the heavy fraction are optimized by the REM to better fit the experimental 

constraints (or even completely remove some molecules provided by the SR step). We can then 

produce different mixtures of molecules (with different structures and number of building blocks) 

still having the same overall mean physical properties. Each crude oil is represented by eight 

mixtures (named R1 to R8) containing the same light fraction solely varying the heavy fraction. 

The objective is to compare the interfacial tension of these mixtures to evaluate the sensitivity of 

the proposed approach. Additionally, information about the influence of the number of compounds 

considered for the representation of the heavy fraction on the final value of the ITF should be 

derived. 

The 5 molecules generated by the lumping method to represent the C20- fraction are presented in 

Table 4. The set of molecules obtained for the C20- fraction of crude oil sample contains no 

heteroatom in agreement with elementary analysis provided in Table 1. This representation 

includes hydrocarbon families such as n-paraffin, naphthene, mono- and poly-aromatics. 

The R1 (representation 1) for the heavy fraction of the crude oil sample is proposed in Table 5, 

whereas other representations (R2 to R8) are given in the Supporting Information. As expected the 
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heavy fraction contains heteroatoms which are embedded in molecules than can be classified 

according to the SARA analysis (see Table 2 for details). Since our crude oil contains only 1.7% 

of asphaltenes, such molecules are not systematically present in the representation of the C20+. 

 

Table 4. Chemical structures of the representative molecules of the light fraction (C20-) of the crude 

oil sample. 

Light fraction (C20-) 

Methylcyclohexane  

 

n-heptadecane 

 

p-Xylene  

 

1-propyl-naphthalene  

 

Isobutylbenzene  

 

 

 

 

Table 5. Chemical structures of the representative molecules (R1) of the heavy fraction (C20+) for 

crude oil sample. For reasons of readability, an identification (ID) number is given to each 

molecule and the chemical family according to the SARA separation. 

Molecular 

representation 

(ID) / Chemical 

family  
Molecular representation 

(ID) / Chemical 

family  
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(1) / Aromatic  

 

(5) / Aromatic  

 

(2) / Aromatic   (6) / Saturate  

 

(3) / Aromatic  

 

(7) / Resin   

 (4) / Saturate  

 

(8) / Resin  

 

For our crude oil, the IFT values predicted by the DPD simulations using different representations 

are shown in Table 6. R1 to R4 initially contain 10 molecules whereas R5 to R8 initially contains 

20 molecular types to represent the C20+ fraction (obtained with the SR method), this number of 

molecular types has been reduced after the molar fraction refinement performed by the REM 

method. We obtained similar IFT values from a statistical point of view using both sets of 

representations (with standard deviations of 0.88% for R1 to R4 and 2.3% for R5 to R8). We can 

mention, however, that we obtained higher values of the IFT using representations having 13 or 

more molecules than the ones using 7 or 8 molecules. In view of the uncertainties obtained, we 

can conclude that the representation of 10 molecules generated by the SR method is enough to 

model the heavy fraction of the crude oil.  

Table 6. Average values of IFT obtained from DPD simulations for the crude oil sample using 5 

molecules to model the light fraction and different numbers of molecules to model the heavy 
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fraction. R1 to R4 contains 10 molecules obtained by the SR, whereas systems R5 to R8 contain 

20 molecules. Size of C20+ gives the final number of molecular types in the C20+ fraction obtained 

after the REM method. 

Representation/system Size of 

C20+ 
IFT̅̅̅̅̅averaged 

(DPD units) 

IFTaveraged 

(mN/m) 

IFToverall  

(mN/m) 

IFTexperimental 

(mN/m) 

R1. Crude oil/water 8 3.71 ± 0.01 30.20 ± 0.08 

30.62 ± 0.88 

29.3 ± 0.2 

R2. Crude oil/water 8 3.91 ± 0.03 31.86 ± 0.24 

R3. Crude oil/water 9 3.76 ± 0.013 30.59 ± 0.11 

*C20-/water - 4.71 ± 0.021 38.32 ± 0.17 

*C20+/water 9 3.28 ± 0.013 26.69 ± 0.11 

R4. Crude oil/water 7 3.66 ± 0.03 29.84 ± 0.24 

R5. Crude oil/water 13 4.02 ± 0.03 32.76 ± 0.24 

32.69 ± 2.34 
R6. Crude oil/water 15 4.3 ± 0.02 35.03 ± 0.16 

R7. Crude oil/water 14 3.62 ± 0.03 29.48 ± 0.24 

R8. Crude oil/water 13 4.11 ± 0.05 33.49 ± 0.41 

IFT̅̅ ̅̅̅averaged corresponds to the mean value of each crude oil representation computed using four simulation runs with 

different initial conditions (conformations and velocities). A factor of 8.143 [mN/m] is used for the conversion between 

IFT̅̅ ̅̅̅averaged (in DPD units) and IFTaveraged (in mN/m) according to the relation IFT̅̅ ̅̅̅ = IFT (
𝑟𝑐

2

𝑘𝐵𝑇
). IFToverall (in mN/m) is the 

mean value of the four IFTaveraged obtained for each representation of the crude oil, the error is the standard deviation of 

the mean values R1, R2, R3 and R4. C20-/water and C20+/water are the IFT obtained using the light and heavy fraction 

composition respectively in contact with water. *Additional simulations where IFT are obtained using either the light 

(C20-) or heavy (C20+) fractions of R3, these two tests do not contribute to the IFToverall 

 

If we focus on R1 to R4, we can observe that the relative error deviation between the experimental 

IFT and the average IFT value obtained by our DPD simulations is only 4.5%. We can consider 

this a remarkable result in view of the complexity in terms of composition of a crude oil. To better 

understand the role played by light and heavy fractions on the IFT of the complete crude oil, we 

report in Table 6 the IFT obtained separately between the C20- and water and the one obtained by 
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the C20+ and water (both fractions used in the R3). Our results show a higher value of the IFT 

(~43%) obtained by the light fraction than the heavy fraction. At the origin of this difference is the 

presence of heteroatoms in the molecules of the heavy fraction that act as surface-active molecules 

(this point will be discussed later on the analysis of the composition profiles). The light fraction 

represents 51.6% w/w (𝑤𝐶20−
) of the crude oil (see section 2.1). Though there is no reason to expect 

that the IFT of a mixture of hydrocarbons follows a linear mixing of its constituents, we perform 

a rough estimation of the crude oil IFT by using a mass fraction weighting average (estimated as 

IFT𝑐−𝑜 = 𝑤𝐶20−
∙ IFT𝐶20−

+ (1 − 𝑤𝐶20−
) ∙ IFT𝐶20+

) of the IFT of the light and heavy fractions 

obtained for the R3. We obtained a value of 32.7 mN/m which is higher than the value obtained in 

simulations with the complete crude-oil/water system (30.59 mN/m). The reason for the difference 

is probably the migration of surface-active molecules modifying the IFT of the complete system. 

The density profiles computed in the cases of R1 and R5 of the crude oil/water systems are 

shown in Figure 2. For reasons of readability, only the density of the molecules of the heavy 

fraction and water are displayed. Molecules are indicated by their ID number, given in Table 5. It 

is important to mention that the interface zone (considering the two interfaces) spans between 70 

Å to 140 Å (~10 to 20 DPD unit length), which represents between 16% to 32% of the total 

simulation box size in the direction perpendicular to the interface (60 DPD units or 427 Å). The 

size of the interface with respect to the simulation box, in addition to the statistical treatment of 

the different samples, clearly justify the use of a mesoscopic approach employed in this work (in 

comparison with an atomistic one).  
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a)  

b)  

Figure 2. Density profile of the different species of the crude oil/water system using a) 8 and b) 13 

molecular types to represent the heavy fraction (systems R1 and R5 respectively). Molecules of 

the light fraction are omitted for simplicity. For reasons of readability, molecules are indicated by 

their ID number provided in Table 5 and by the chemical family according to the SARA 

composition analysis (details on R5 composition are given in the Supporting Information). Note 
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that the DPD density of water has been divided by 2 on diagrams. The length of the simulation 

box is in DPD units. 

Two different systems are compared in Figure 2, using 8 (Figure 2.a, using R1) or 13 (Figure 

2.b, using R5) molecules to represent the heavy fraction of our crude oil sample. We first analyze 

Figure 2.a, where one clearly see that two molecules of the heavy fraction have migrated to the 

interface: the aromatic molecule (ID 3 in Table 5) with a thiol functional group in its structure 

(10.5% mol/mol of the crude oil) and the resin (ID 8 in Table 5) with a pyridine group (1.85% 

mol/mol of the crude oil). The migration of these molecules towards the interface can be explained 

by a lower functional group/water interaction parameter (i.e. w/Thiol=-1.63 and w/Pyridine=0.4) than 

functional groups/hydrocarbons interaction parameters (see Table 3). In other words, the presence 

of functional groups such as the thiol or pyridine in molecules of the heavy fraction confers them 

a “natural surfactant” character then contributing in diminishing the crude oil/water IFT value. Not 

all the molecules having a heteroatom behave like surface-active molecules, for instance the 

aromatic molecule (ID 2 in Table 5), having a thiophene group (and w/thiophene=1.6), and the resin 

molecule (ID 7 in Table 5), having two furan groups and a phenol group (w/phenol=2.0 and 

w/furan=25), do not migrate to the interface. There are probably two reasons for this, firstly the fact 

that the interaction parameters of these functional groups with water are not as favorable as the 

ones of thiols and pyridine, and secondly these functional groups are sterically hindered by other 

(less favorable) functional groups in their respective molecules (see details in Table 5). 

The analysis of Figure 2.b (for R5) shows a similar behavior for the density profiles as the one 

observed in Figure 2.a, where molecules having heteroatoms tend to migrate to the interface (see 

Supporting Information for details on composition of this system). In this case four molecules 

having functional groups are surface active: two resins with thiol and thiophene groups (ID 3 with 
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1.73% mol/mol and ID 13 with 1.32% mol/mol), an aromatic with furan and thiol groups (ID 10 

and 2.49% mol/mol) and an aromatic with sulfide and thiol groups (ID 5 and 0.26% mol/mol). 

The information provided by the density profiles allows to qualitatively identify surface-

active molecules. To provide a quantitative analysis of the impact of surface-active molecules  on 

the IFT values, we can evaluate their affinity to the interface (I) by means of the Gibbs free energy 

of adsorption (∆𝐺𝑎𝑑𝑠). ∆𝐺𝑎𝑑𝑠 can be estimated using the density profiles obtained in our DPD 

simulations through the bulk-interface partition coefficients. Partition coefficients are generally 

used to represent the distribution of a solute between two bulk phases and can be expressed with a 

distribution constant, 𝐾𝐷. For our systems, the distribution constant of the solute between the 

aqueous and organic phase is expressed with 𝐾𝐷
𝑎𝑞.→𝑜𝑟𝑔.

. Considering the interface as a separate 

phase in our simulations, two other distribution constants can be established: a distribution 

constant between the aqueous phase and the interface, 𝐾𝐷
𝑎𝑞.→𝐼

, and a distribution constant between 

the organic phase and the interface, 𝐾𝐷
𝑜𝑟𝑔.→𝐼

. Assuming ideal mixtures, these distribution constants 

are expressed using solute local density as shown in the following equations. 


𝑠𝑜𝑙𝑢𝑡𝑒

𝑜𝑟𝑔.


𝑠𝑜𝑙𝑢𝑡𝑒

𝑎𝑞. = 𝐾𝐷
𝑎𝑞.→𝑜𝑟𝑔.

= 𝑒𝑥𝑝 (
−∆𝐺𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝑎𝑞.→𝑜𝑟𝑔.

𝑅𝑇
), (10) 


𝑠𝑜𝑙𝑢𝑡𝑒
𝐼


𝑠𝑜𝑙𝑢𝑡𝑒

𝑎𝑞. = 𝐾𝐷
𝑎𝑞.→𝐼 = 𝑒𝑥𝑝 (

−∆𝐺𝑎𝑑𝑠
𝑎𝑞.→𝐼

𝑅𝑇
), (11) 


𝑠𝑜𝑙𝑢𝑡𝑒
𝐼


𝑠𝑜𝑙𝑢𝑡𝑒

𝑜𝑟𝑔. = 𝐾𝐷
𝑜𝑟𝑔.→𝐼

= 𝑒𝑥𝑝 (
−∆𝐺𝑎𝑑𝑠

𝑜𝑟𝑔.→𝐼

𝑅𝑇
). (11) 

The solute density at the interface, 
𝑠𝑜𝑙𝑢𝑡𝑒
𝐼 , and the solute density at the bulk, 

𝑠𝑜𝑙𝑢𝑡𝑒

𝑜𝑟𝑔.
 for the 

different surface-active molecules are directly obtained from the density profiles shown in Figure 

2 as the values of the picks at the water/crude-oil interface and the values of the plateau at the bulk 
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respectively. The Gibbs free energy of transfer of solute molecules from the aqueous phase to the 

organic phase, ∆𝐺𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
𝑎𝑞.→𝑜𝑟𝑔.

, corresponds to the energy required for one mole of solute to cross the 

interface from the aqueous phase to the organic phase. In other words, the Gibbs free energy of 

transfer is the addition of the Gibbs free energy of adsorption of solute at the interface from the 

aqueous phase, ∆𝐺𝑎𝑑𝑠
𝑎𝑞.→𝐼

, with the Gibbs free energy of desorption of solute from the interface to 

the organic phase, ∆𝐺𝑎𝑑𝑠
𝑜𝑟𝑔.→𝐼

. Since 
𝑠𝑜𝑙𝑢𝑡𝑒
𝑎𝑞.

 is zero in our simulations, the only accessible quantity 

in our simulations is ∆𝐺𝑎𝑑𝑠
𝑜𝑟𝑔.→𝐼

 which has been obtained through equation 12 and the results are 

presented in Table 7 for the surface-active molecules of R1 and R5 systems (the list of molecules 

for all systems studied is provided in the Supporting Information). 

 

Table 7. Surface active molecules obtained in our simulations for the crude oil sample using 

different representations. Hydrophilic/Lipophilic balance of the DPD model molecule (HLB). 

Bulk organic phase to interface (I) distribution constant 𝐾𝐷
𝑜𝑟𝑔.→𝐼

. Gibbs free energy of adsorption 

of surface-active molecules from the bulk organic phase to the interface ∆𝐺𝑎𝑑𝑠
𝑜𝑟𝑔.→𝐼

. The molecular 

structure contains the coarse graining scheme using the functional groups with color code 

presented in Figure 1. 

ID (Number of 

molecular types in 

C20+) 

Structure HLB[b] 𝐾𝐷
𝑜𝑟𝑔.→𝐼

 ∆𝐺𝑎𝑑𝑠
𝑜𝑟𝑔.→𝐼

 

[kJ/mol] 

3 (8) 

 

3.3 4.8 -3.9 
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8 (8) 

 

5.0 8.0 -5.2 

3 (13) 

 

3.3 7.4 -5.0 

5 (13) 

 

3.2 2.6 -2.4 

10 (13) 

 

4.0 3.3 -2.9 

13 (13) 

 

2.7 2.8 -2.6 

bThe HLB for the DPD representation of the molecule have been estimated as HLB=20*nH/ntot where nH and ntot are 

the number of beads bearing an heteroatom and the total number of beads of the molecule respectively. 

 

It is interesting to see the variety in topology for the surface-active molecules identified for 

systems R1 and R5. R1 contains molecules much smaller than the ones observed for system R5, 
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but their affinity to the interface represented by the ∆𝐺𝑎𝑑𝑠
𝑜𝑟𝑔.→𝐼

 are quite similar with values of the 

same order of magnitude ranging from -2.4 kJ/mol to -5.2 kJ/mol. We also introduce a crude 

approximation of the hydrophilic/lipophilic balance (HLB) of the DPD molecules listed in Table 

7, counting the ratio of beads bearing a heteroatom with respect to the total number of beads. 

Molecules with higher HLB values (more hydrophilic) tend to have the lower Gibbs free energy 

of adsorption at the interface.  

To end our analysis we compare the variation of the crude oil/water IFT with the overall 

interfacial concentration (Csurf) of surface-active molecules for the different systems studied in 

Figure 3. As expected, we observe a tendency where the IFT tends to decrease with the increase 

of Csurf. This figure reveals the impact of the concentration of surface-active molecules (having 

heteroatoms) in the heavy fraction on the behavior of the crude oil/water IFT. 

 

Figure 3. Variation of the interfacial tension obtained by the different systems studied in this 

work (R1 to R8) in function of the surface concentration of “active” molecules present at the 

interface.  
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5. Conclusions 

A workflow for the representation of a crude oil composition with a limited number of molecular 

types has been developed based on experimental data. The proposed strategy consists of the 

separation and analysis of a crude oil in two main cuts: a light fraction, C20- (with molecules having 

boiling temperatures less than 617.15 K) and a heavy fraction, C20+ (with boiling temperatures 

greater than 617.15 K), by means of a distillation approach. Specific battery of analysis has been 

performed to each cut to characterize their physicochemical properties. 

Using this information, a lumping method was applied to the light fraction C20- using the ReFGen 

tool. From a distillation curve and a molecular database of species typically observed in gasoline, 

a representation with only 5 constitutive molecules has been established to represent the light 

fraction. The heavy fraction C20+ was modeled by using the Stochastic Reconstruction (SR) method 

with a subsequent refinement of the molar composition by the Entropy Maximization Method 

(REM) to produce a set of molecules in agreement with the experimental data. The heavy fraction 

of the crude oil has been modeled by several systems having different numbers of molecules 

(between 7 and 15) and compositions. Molecules representing the crude oil (including the light 

and heavy fractions) have been coarse-grained and the crude oil modeled with Dissipative Particle 

Dynamics simulations in order to predict the crude oil/water interfacial tension (IFT). Our 

simulation predictions show a good agreement on the IFT when compared to the experimental 

reference data with a relative deviation of less than 5%. To the best of our knowledge, this 

successful quantitative comparison between simulations and experiment on crude oil/water IFT 

has never been published before. The explanation of this achievement is twofold: 1) a consistent 

methodology to provide a reliable representation of molecules of a crude oil with special attention 

on the representation of complex surface-active molecules containing heteroatoms and 2) a 
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thermodynamically consistent parameterization strategy of the fluid/fluid interactions applicable 

for DPD simulations. 

The strategy presented in this work can be used to model quantitatively crude oil/water IFT for 

EOR and water treatment applications. This can be useful for a better understanding of the complex 

interactions of the natural surface-active molecules present in crude oils with additives such as 

surfactants, ions and polymers. Work is in progress to thoroughly test this methodology with other 

crude oil samples with a large diversity on composition, including asphalthene molecules and the 

specific consideration of acid/basic equilibrium reactions to properly describe the interfacial 

composition of such complex fluids. 
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