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ARTICLE INFO ABSTRACT

Avrticle History: Molecular dynamics simulations have been performed in this study to
Received: 26 May 2023 predict the diffusion coefficient of benzene in hexane and vice versa by
Revised: 16 June 2023 Materials Studio software. COMPASS force field has been applied to the
Accepted: 17 June 2023 system for optimization of the structures of benzene and hexane molecules.

To model and calculate the van der Waals and electrostatic potential
energies, a group-based summation method has been utilized. In order to
Article type: Research predict the diffusion coefficient, firstly the simulation time and the force
field have been optimized. In all simulations, Ewald and Atom-based
summation methods were employed to calculate electrostatic and van der

Keywords: Waals potential energies. The optimized simulation times for the diffusion
Benzene/Hexane Mixtures, of benzene in hexane with the mole fraction of 0.2, and the diffusion
Diffusion Coefficient, coefficient of hexane in benzene with the mole fraction of 0.8, have been
Molecular Dynamics obtained to be 35 and 25 ps, respectively. In addition, the best force field to

Simulation, Materials Studio predict the diffusion coefficient has been identified to be “Pcff”.

Introduction

The diffusion in liquid mixtures is an important characteristic of complicated mass transfer
processes and its accurate measurement is essential to design mass transfer equipment such as
distillation, adsorption and extraction columns [1-3]. Diffusion is one of the most important
properties among transport properties of binary mixtures [4, 5]. Bullerjahn et al. [6] presented
a rigorous framework to obtain reliable estimates of the self-diffusion coefficient and its
statistical uncertainty from molecular dynamics (MD) simulation.

Diffusion is characterized by diffusion coefficient of solute in solvent. Translational
diffusion coefficients are routinely estimated from molecular dynamics simulations. Linear fits
to mean squared displacement (MSD) curves have become the standard that is used in the MD
simulations of different samples from simple liquids to complex biomacromolecules.
Nonlinearities in MSD curves at short times are handled with a wide variety of practices, such
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as partial and piece-wise fitting of the data. Moradi et al. [7] predicted methane diffusion
coefficient in water by molecular dynamics simulation to compare experimental and simulated
results. The results showed that the model and the field force model which were used in MD
were valid compared to experimental results.

Although many measured pressure dependent diffusion coefficients have been reported for
one component liquids, not many studies have been devoted to the measurement of pressure
and temperature dependent diffusion coefficients for two-component liquid mixtures [8-11]. In
one study , Taheri et al. [12] estimated the diffusion coefficient of CH4 molecules in graphene
oxide by MD calculations. Hence, it was observed that, as the temperature increases, the
calculated diffusion coefficient increases. In organic chemistry lots of molecules can form
mixtures with alkanes, such as benzene that can completely mix with low n-alkanes at the
atmospheric pressure. Therefore, the n-hexane/benzene system could be considered as an
almost ideal solution. Experimental measurements of a solution diffusion are time consuming
and expensive.

Also the empirical models, which are proposed to calculate the diffusion coefficient of
liquids, cannot predict this parameter for all one-component liquid systems [7, 13]. The quality
of a model can be obtained by comparing it with experimental data. A smaller difference
between the predicted and the measured diffusion values infers more reliability for the model.
In the recent years, the calculation of the diffusion coefficient via molecular dynamics
simulation has been vastly investigated due to the higher accuracy of these methods.

MD method is based on the analysis of the interactions between atoms and molecules using
Newton’s equations of motion during a specific period [14-16]. Taheri et al. [12] measured the
slope of the MSD of CHj4 in the adsorbent versus time plot which used Einstein equation. Also,
Lui et al. [17] demonstrated an approach for computing Fick diffusivities directly from
equilibrium MD simulations for a ternary chloroform-acetone-methanol liquid mixture. They
provided a way to predict multicomponent diffusion coefficients in liquids based on a consistent
molecular picture and matched the simulation results with experiments.

By calculating the inter-particle forces and potential energies, MD models can provide the
systems’ physical properties such as diffusivity, absorption, etc. [7, 18-22]. Jeeja Rani, et al.
[23] used material studio software to calculate total energy of adsorbate and adsorbent and to
recognize the type and interaction between materials. They visualized different configuration
of the metal surface and inhibitor to demonstrate the best region of adherence between the three
important fatty acids in CRE on mild steel surface.

Moreover, Barani Pour et al. [24] investigated the structural and dynamical properties of
glucose-based Deep Eutectic Solvents (DESSs) at different molar ratios. To understand effective
interactions in the eutectic mixture formation they used the interaction energies, structural
properties like atom—atom radial distribution functions (RDFs), the hydrogen-bonding network
and spatial distribution functions (SDFs). They investigated on thermo-physical and dynamical
properties. Dynamical properties were evaluated by calculating the MSD and the velocity
autocorrelation function (VACF) in MD.

The purpose of this research is to investigate the possibility of application of MD simulations
in calculation of the molecular diffusion coefficient of benzene in hexane and vice versa at
various mole fractions. The simulation results are compared with the experimental results at the
temperature and pressure of 298.15 K and 1 bar, respectively. In this study, firstly, the optimized
simulation time is obtained for the mixture of benzene in hexane with two mole fractions of 0.2
and 0.8, and then the effect of the optimized force field is investigated in mixtures with mole
fractions of 0.2, 0.4, 0.6 and 0.8.
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Molecular Dynamics Simulation

To compute the diffusion coefficient of benzene/hexane mixtures, BIOVIA Materials Studio
2017 software has been used to perform the MD simulation. The potential energies of benzene
and hexane molecules have been optimized before the cell construction, and then the optimized
structures are used to construct the simulation box and to compute the diffusion coefficient.
After generating the optimized molecular structures, COMPASS force field has been used for
amorphous cell optimization. Ewald and Atom-based summation methods have been
implemented to model the van der Waals and electrostatic potential energies at the temperature
and pressure of 298.15 K and 1 bar, [7]. According to Zhao et al. [25], the cell dimension has
an insignificant effect on the prediction of the diffusion coefficient. Therefore, the total number
of benzene and hexane molecules are considered to be 100. Afterwards, the constructed cell
was optimized at the temperature range of 200 — 400 K. For the system to reach the equilibrium
state, first, the canonical ensemble (NVT) with scale velocity thermostat has been applied to
the system for 50 ps. Finally, the micro-canonical ensemble (NVE) has been implemented. To
calculate the diffusion coefficient, Eq. 1 (mean squared displacement (MSD)) has been used as
follows [26]:

N
.1 2

D= lim g In(® = (O)P) ®

i=1
where Na is the number of molecules in the system and r; (t) is the displacement vector of the
i-th molecule at time t. To calculate the diffusion coefficient (D), the MSD graph versus time
is drawn and the best trend line (y = ax + b) is fitted to the data, and the diffusion coefficient
(D) is computed from Eq. 2 [7, 27]:

D=a/6 (2)

Moreover, for quantitative comparison of the MD predicted results with the experimental
ones, the percent error has been defined as:

DEXP _ psim
Erorr(%) = (%) X 100 3)
A
DExp DSim g

where “AB and ~AB are the experimental and MD predicted diffusion coefficients of solute A
in solvent B.

Results and Discussion
Optimum Simulation Time

To calculate the optimum simulation time, by bringing the cell to the equilibrium state using
canonical ensemble (NVT) for calculating the simulation time, the microcanonical ensemble
(NVE) has been used for the system with 5 to 40 ps simulation time, and the diffusion
coefficient (D) has been calculated via Eq. 1. The variation of experimental and MD predicted
diffusion coefficient at different simulation times has been represented for two mixtures of
benzene in hexane (with benzene mole fraction of 0.2) and hexane in benzene (with benzene
mole fraction of 0.8) in Figs. 1a and 1b, accordingly. To compute D at any simulation time, five
runs have been executed and the average value has been reported. Regarding both Figs. 1a and
1b, it can be seen that increasing the simulation time gives rise to predicted values closer to the
experimental ones. Predicted benzene/hexane D represents the least error of 23% at 35 ps, while
predicted hexane/benzene diffusion coefficient represents the least error of 0.14% at 25 ps. As



a result, thereafter, simulation times of 35 and 25 ps have been considered for the computation
of diffusion coefficients at benzene/hexane and hexane/benzene systems, respectively.
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Fig. 1. Experimental and predicted MD diffusion coefficients of a) benzene in hexane with mole fraction of
0.2, and b) hexane in benzene with mole fraction of 0.8, at different simulation times

Optimum Force Field

After determining the optimum simulation time, to figure out the proper force field for
obtaining the diffusion coefficient, more simulations have been performed using mole fractions
of 0.2, 0.4, 0.6, and 0.8 with five force fields including COMPASS, Dreiding, Universal, Cvff
and Pcff. Figs. 2a to 2d show the diffusion coefficients for benzene in hexane mixture and PE
of the estimations, for different force fields and mole fractions of 0.2, 0.4, 0.6 and 0.8. As can
be seen in Fig. 2a (plotted for mole fraction of 0.2), except for COMPASS and Pcff models, the
other force fields estimate the diffusion coefficient less than the experimental values. For the
other mole fractions, exhibited in Figs. 2b, 2c and 2d, the simulation data are less than the
experimental ones in all models. The numerical modellings show the most discrepancy from
the experimental data at the mole fraction of 0.8 in all the force fields and the obtained error is
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more than 50%. For all mole fractions the PE of COMPASS force field (25.37%) is less than
the other force fields. This error is about 32.48% using Pcff force field.

Figs. 3a, 3b, 3c, and 3d show diffusion coefficients and percentage error (PE) values for the
mixture of hexane in benzene, using different force fields and at various mole fractions of 0.2,
0.4, 0.6 and 0.8. The least PE for these settings has been obtained using Pcff force field as
14.64%. In addition, the errors using COMPASS, Dreiding, Universal and Cvff force fields
have been estimated as 32.19%, 20.74%, 28.25% and 16.52% respectively. Based on the results
of Figs. 2 and 3, the least relative error for the diffusion coefficient (about 24.55%) has been
achieved using Pcff force filed. As a result, this force field can be used to predict the diffusion
of benzene in hexane or hexane in benzene. Table 1 shows the diffusion coefficients and the
attributed PE values of benzene in hexane and also hexane in benzene, using Pcff force field,
for the mole fractions of 0.2, 0.4, 0.6 and 0.8.
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Fig. 2. Diffusion coefficients of benzene in hexane and the attributed errors compared to the experimental
data, using different force fields and for the mole fractions of a) 0.2, b) 0.4, ¢) 0.6 and d) 0.8

100
15 a
mExp mMD OError
80
S 1 —
2 g
@ =
E £
= 40
a L
0.5
20
0 0

COMPASS  Dreiding Universal Cvff Pcff
ForceField



Journal of Chemical and Petroleum Engineering 2023, 57(2): 199-207 205

100
2 mExp mMD OError b
80
. L5
o —~
. 60 Q‘\D,
Q N
E ! o
= 40
a w
0.5 20
0 0
COMPASS  Dreiding Universal Cvff Pcff
ForceField
100
C
BExp mMD OError
15 80
<) —
X1 0 g
Y —
€ -
a (1]
0.5
20
0 0
COMPASS  Dreiding Universal Cvff Pcff
ForceField
100
mExp mMD OError C
2
80
2 15
o —~
7 .
@ =
E 1 o £
a L
05 20
0 0
COMPASS  Dreiding Universal Cvff Pcff
ForceField

Fig. 3. Diffusion coefficients of hexane in benzene and the attributed errors compared to the experimental
data, using different force fields and for mole fractions of a) 0.2, b) 0.4, ¢) 0.6 and d) 0.8
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Table 1. Diffusion coefficients of hexane in benzene and corresponding errors using different force fields
and at different mole fractions of 0.2, 0.4, 0.6 and 0.8

(Benzene),(n — Hexane);_, (Benzene);_,(n — Hexane),

Mole fraction DE DMP DeP — pMP DE ) pexp _ pMD
(x) (m?/s) x10°  (m?/s) x10° Dexp x 100 (m?/s) x10°  (m?/s) x10° Dexp x 100
0.2 1.2488 1.4062 12.61 1.1153 1.2144 8.89
0.4 1.6588 1.1885 28.35 1.1378 1.3429 18.02
0.6 1.7829 1.3104 25.50 1.3391 1.5990 19.41
0.8 2.7653 1.0379 62.47 2.0403 1.7906 12.24

Conclusion

In this work, COMPASS force field was applied to find the optimized structures of benzene
and hexane molecules. In addition, in all the simulations, Ewald and Atom-based summation
methods were used to compute van der Waals and electrostatic potential energies at 298.15 K
and at atmospheric pressure for the cell construction. After the simulation cell was built, the
system was developed by canonical ensemble (NVT) using velocity Scale thermostat for 50 ps
to reach the equilibrium state and then it was controlled under the microcanonical ensemble
(NVE) for 5 t 40 ps, to gain the equilibrium state. The optimum simulation times with the least
errors, for the diffusion coefficient of benzene in hexane for mole fraction of 0.2, and the
diffusion coefficient of hexane in benzene for mole fraction of 0.8 were studied and obtained
to be 35 and 25 ps respectively. Finally, at the optimized simulation time for the NVE ensemble,
various force fields were studied for different mole fractions of 0.2, 0.4, and 0.6. Pcff with the
minimum error was considered as the optimum force field for the computation of diffusion
coefficient of benzene/hexane and hexane/benzene mixtures for different mole fractions.
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