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A B S T R A C T

In this work, molecular dynamics simulation (MD) was used for studying the liquid-liquid
extraction of acetic acid and acetone from water in the presence of nanoparticles. In the next
step, the solubility parameter of acetic acid and acetone were predicted at 1 atm and different
temperatures along with the solubility parameter of solvents and water at 25 ◦C and 1 atm. Three
pure systems and three systems with different concentration of nanoparticles were investigated to
show the effect of cell size or number of molecules on the solubility parameter. With the addition
of SiO2 nanoparticles to the solvents, at low concentrations of nanoparticles (0.01–0.1 vol%), the
solubility parameter is increased due to the Brownian motion. With the further increase con-
centration of the nanoparticles, the solubility parameter decreases due to the accumulation of
nanoparticles. The difference between the solubility parameter of benzene and acetone was 0.414
(J/cm3)0.5 and 3.13 (J/cm3)0.5, with and without the presence of SiO2 nanoparticles, respectively.
Finally, toluene was found to be the best solvent for acetone and acetic acid at silica nanoparticles
concentration of 0.062 vol%.

1. Introduction

Acetic acid is produced in the textile, medicine, dye, and other industries and enters the environment through wastewater. The
recovery of acetic acid from waste water causes savings and also prevents environmental pollution [1]. Also, acetone is widely used in
chemical synthesis, especially in pharmaceutical industry. Due to its low boiling point and high volatility, acetone has many risks to
human health and the environment [2]. However, when the concentration of acetic acid and acetone is very low, their recovery is very
difficult. For the extraction of acetic acid and acetone, separation methods including membrane technology, absorption, extraction,
distillation can be used [3], and the use of extraction and distillation methods are the most used.

Liquid-liquid extraction is a classic approach, which has a lot of applications for treatment and recycling of compounds in chemical,
pharmaceutical, environmental, and oil industries [4]. Liquid-liquid extraction is selected when other methods of separation such as
distillation, evaporation, and crystallization cannot be used due to the close boiling points of the compounds, inseparable mixtures,
and sensitivity to high temperatures [5,6]. In the liquid-liquid extraction, selection of a proper solvent is of great importance. The
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equilibrium state between the aqueous and organic phases is one of the important aspects of the liquid-liquid extraction and in general,
parameters such as physical properties (the density difference between the liquid phases and boiling point), chemical properties
(distribution factor, selectivity, flammability), cost and availability are taken into account for the process design [7,8].

Moreover, addition of salts, surfactants, and nanoparticles, has a considerable impact on the hydrodynamic and mass transfer
performance because of their influence on the amalgamation of the droplets and their resistance towards breakage. Surfactants reduce
the interface tension considerably and are usually used to stabilize the emulsion [9]. Nanoparticles are adsorbed at the interface of the
two immiscible phases and make it harder for the dispersed phase particles to coagulate by creating a spatial barrier [5]. The exact
mechanism of mass transfer in nanofluids is yet not fully known. Apart from Brownian motion of particles, other mechanisms for mass
transport in nanofluids are distribution stability, and aggregation. Dispersed nanoparticles aggregate and create larger particles
(agglomerate), which may deposit due to the gravity. If the size of particles increases, the motion of particles becomes slower and the
chance of aggregation increases [10]. Various mechanisms such as Brownian diffusion, thermophoresis, and diffusiophoresis are
accountable for heat and mass transport increase [11], but according to the studies, Brownian motion of nanoparticles is the main
reason of heat [12] and mass [13] transfer increase in nanofluids.

In liquid-liquid extraction systems, the solubility parameter can be used to select a suitable solvent. Solubility parameter was
proposed by Hildebrand [14] and was further developed by Scatchard [15]. Hildebrand solubility parameter (HSP) is a numerical
estimation of non-bonded interactions between the constituent molecules of the material [16]. Hansen [17] divided the Hildebrand
parameter into three categories of polar, dispersion, and hydrogen bond, which is known as three-dimensional solubility parameter.
HSP can predict the properties of mixtures such as polymer-solvent and polymer mixtures and is also useful for the selection of proper
solvent and additives [16].

The solubility parameter could be measured in experiment or be calculated using experimental correlations or molecular simu-
lation methods. However, there are limited number of correlations for calculation of HSP and cohesive energy density (CED) and
furthermore, performing experiments at varying temperatures and for different solvents is time-consuming and costly. Consequently,
for lack of aforementioned issues and for reliability of its results, molecular dynamics simulation has attracted researcher’s attention in
the past two decades [16,18–20]. Molecular dynamics simulation has been extensively used for calculating of diffusion coefficient,
solubility parameter and adsorption isotherm [21–27]. Zhang et al. [28] investigated solubility parameter calculation of supercritical
CO2 (SC-CO2) solvent and supercritical CO2 cosolvent using molecular dynamics simulation. In a research study carried out by Li et al.
[16], solubility parameter of thermoset polymers were predicted using molecular dynamic simulation. In another study done by Du
et al. [29] on the solubility parameter of the supercritical carbon dioxide, it was found that increasing pressure and decreasing
temperature reduces the distance between CO2 molecules, which in turn increases the interactions between molecules and increases
the solubility parameter of supercritical CO2.

In this study, to validate the results of the molecular dynamics simulation, first the solubility parameter of the acetone and pure
acetic acid were predicted using different force fields and the results were compared with the experimental data. Next, using the
selected force field, solubility parameter of pure water, benzene, toluene, n-butyl acetate, carbon tetrachloride, and n-butanol were
estimated and were compared with the experimental data. The effect of temperature on the solubility parameter of acetone and acetic
acid was also studied by running the simulation at different temperatures. To evaluate the effect of the simulation box size or total
number of molecules, solubility parameter of carbon tetrachloride was determined at two cases of with and without silica nano-
particles. Then the effect of silica nanoparticles in benzene, toluene, n-butyl acetate, carbon tetrachloride, and n-butanol solvents was
studied by molecular dynamics simulation. At the end, the plot of relative concentration difference of the binary mixture at amorphous
cell z direction was drawn to confirm the obtained results from the solubility parameter.

2. Theory and simulation of solubility parameter

2.1. Solubility parameter theory

Solubility parameter can be viewed as a great benchmark for selection of the solvent with best performance [30,31]. When the
solubility parameter of the solvent and solute are close to each other, the solute can be dissolved in the solvent. Substances with similar
values of solubility parameter are thermodynamically miscible since the non-bonded interaction energies are balanced when mixing
happens [32]. There are various experimental and theoretical methods for estimation of the solubility parameter. Experimental
methods for determination of solubility parameter can be divided into direct and indirect methods [32]. In the direct method, latent
heat of vaporization is measured using a calorimeter and then the solubility parameter is calculated with the Hildebrand relation. In
the indirect methods, the solubility parameter can be estimated using inverse gas chromatography, from melting temperatures, and
intrinsic viscosity measurement [30,31].

Solubility parameter can also be estimated using theoretical methods such as PC-SAFT model, non-random hydrogen bonding,
regular solution theory, and lattice energy model [33–36]. However, determination of solubility parameter from some of these
methods require parameters, which are obtained from experiments and are difficult to calculate. Molecular dynamic simulation, on the
other hand, is one of the methods for prediction of solvent properties, which does not rely on experimental data [37].

Hildebrand and Scott [38] defined the solubility parameter as a function of square root of the cohesive energy density. Cohesive
energy (E) is the energy required to break the interactions between molecules. The relation between Hildebrand solubility parameter,
molar vaporization energy (E) and molar volume (Vm) is given in Eq. (1):
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Where ΔHv is the enthalpy of vaporization, R is the universal gas constant, and T is the temperature. Hansen solubility parameter, as
shown in Eq. (2), is comprised of three parameters of dispersion solubility (δd), polar solubility (δp), and hydrogen bond (δh) solubility
parameters [39].

δ2t = δ2d + δ2p + δ2h (2)

Where δd is the solubility parameter of dispersion, δp is the solubility parameter of polar bonds, and δh is the solubility parameter
related to the energy of hydrogen bonds. The difference between total solubility parameters of two compounds (Δδt) is often used to
evaluate the miscibility of solute and solvent [40]. Greenhalgh et al. [41] showed that mixtures with Δδ < 7 (MPa)0•5 are very likely to
be miscible, whereas systems with Δδ > 10 (MPa)0•5 are immiscible. Furthermore, Forster et al. [42] demonstrated that mixtures with
Δδ < 2 (MPa)0•5 are miscible.

In molecular dynamics simulation, three different solubility parameters are calculated. As shown in Eq. (3), they are Hildebrand
[14] solubility parameter, solubility parameter representing electrostatic forces (δEL), and another parameter representing van der
Waals forces (δd):

δ2t = δ2EL + δ2d (3)

δEL component is related to the hydrophilicity of the molecules, whereas the δd is the representative of non-polar intermolecular in-
teractions [43].

Solubility parameter of dispersion and electrostatic forces is calculated using molecular dynamics simulation. Solubility parameter
of electrostatic forces is consisted of polar and bonded forces [43,44], which is given by Eq. (4):

Fig. 1. Chemical structure of the molecules used in the molecular dynamic’s simulation. O (red), C (grey), H (white), Cl (green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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δ2EL = δ2p + δ2h (4)

2.2. Solubility parameter simulation

In this study, all the simulations for the calculation of solubility parameter were carried out in BIOVIA Materials Studio 2017
(17.1.0.48). The three-dimensional structure of molecules in the molecular dynamic simulation is shown in Fig. 1. Canonical ensemble
(NVT) and isothermal-isobaric ensemble (NPT) were used for the calculation of cohesion energy density and solubility parameters of
acetic acid, acetone, toluene, benzene, n-butyl acetate, n-butanol, carbon tetrachloride, and water [18]. All the simulations were run at
298 K and pressure of 1 atm. 500 molecules were used in the amorphous cell for calculation of solubility parameter of each compound.
The arrangement of the inserted molecules was first optimized by Forcite module and COMPASS force field to give the most stable
structure and then the optimized structure was used to construct the amorphous cell of the simulation [45]. The amorphous cell of
acetone (Fig. 2-a) and acetic acid (Fig. 2-b) at 298 K and 1 atm is depicted in Fig. 2. Ewald summation method with precision of 0.01
kcal/mol and atom-based method [18] were used to calculate van der Waals interactions with cut-off distance of 12.5 Å. The time
required for NVT canonical and NPT ensemble simulations to reach equilibrium was considered 30 ps with timesteps of 1 fs [29].
Velocity scale and Berendsen barostat were used in all the simulations for calculation of the solubility parameter [28].

3. Results and discussion

3.1. Calculation of solubility parameter of pure compounds

In this work, to validate the results of the simulation, solubility parameter of acetone was calculated at 298 K and 1 atm using
COMPASS, Universal, Dreiding, Cvff force fields and the outcomes were compared with the existing experimental data [46]. Table 1
shows the calculated solubility parameters of acetic acid and acetone, the measured values, and the error of simulation for each of
them. As can be seen in Table 1, COMPASS force field has the lowest error with the error of 0.92 % for acetic acid and 1.81 % for
acetone. Consequently, COMPASS force field was used for all the following simulations.

Calculated solubility parameter of other pure compounds at 298 K and 1 atm from molecular dynamic simulation is given in
Table 2. The values of experimental data [46] for these compounds are also shown in Table 2. As can be seen, the predicted solubility
parameters have a good accuracy, and the total average error of solubility parameters is 2.18 %.

Temperature and pressure are both important operating parameters in the extraction process for controlling the solubility
parameter [28]. Solubility parameter of acetic acid and acetone were predicted at 1 atm and temperatures of 293, 298, 303, 308, and
313 K using molecular dynamics simulation, which are shown in Fig. 3. As can be seen in the figure, by increasing the temperature, the
solubility parameter of acetic acid and acetone and also the slope of the curve are decreased. This decreasing is caused by both the
effects of lower adhesion energy and lower mass density, but the former has the more prominent effect [16]. As a result, it can be
concluded that the temperature decrease is favorable to the solubility parameter.

3.2. Effect of silica nanoparticles on solubility parameter

Many studies have focused on improving the performance of liquid-liquid extraction using SiO2 nanoparticles [5,47–49]. In most of
these studies, silica nanoparticles have been used with the concentration range of 0.01–0.1 vol%. In high concentrations of silica, mass
transfer is reduced due to the aggregation of nanoparticles and decrease of free volume. In low concentrations, however; presence of
nanoparticles would increase the mass transfer due to Brownian motion. Main advantages of using silica nanoparticles are low density,

Fig. 2. Amorphous cell a) acetone b) acetic acid at 298 K and 1 atm.
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lower particle size compared to other nanoparticles, affordable cost, variety of size, environmental compatibility, and being chem-
ically/physically neutral expect with some specific compounds. Moreover, unique structural and performance properties of silica
nanoparticles has made it one of the most popular nanoparticles in use [50].

In Tables 3–5, solubility parameters of toluene, benzene, carbon tetrachloride, n-butanol, and n-butyl acetate with presence of silica
nanoparticles at various concentrations has been derived using molecular dynamic simulation. For solvents with nanoparticle con-
centration up to 0.1 vol%, one molecule of silica was used in the amorphous cell. Also, for concentrations of zero and 3 wt%, 500
molecules were used (sum of solvent and nanoparticle molecules). In Tables 3–5 the difference between the solubility parameter of
acetic acid and acetone, with and without silica nanoparticles are shown. With the addition of silica nanoparticles at low concen-
trations, the solubility parameter is increased due to the increased Brownian motion; the difference between the solubility parameters
of acetic acid and acetone is decreased, and the two liquids are mixed together easier. However, at higher concentrations of silica
nanoparticles, the solubility parameters are decreased due to aggregation, and the difference between solubility parameters is

Table 1
Comparison of the accuracy of different force fields for calculation of solubility parameter of acetone and acetic acid at 298 K and 1 atm.

Force field δsim
t.Acetone (J/cm

3)0.5 [⃒⃒δexp
t − δsim

t
⃒
⃒

δexp
t

]Acetone

× 100
δsim

t.Acetic Acid (J/cm
3)0.5 [⃒⃒δexp

t − δsim
t

⃒
⃒

δexp
t

]A A

× 100

Dreiding 18.131 9.35 26.818 25.3
Universal 21.920 9.60 23.157 8.21
Cvff 22.255 11.3 22.951 7.25
COMPASS 20.362 1.81 21.203 0.92

Table 2
Prediction of pure compounds solubility parameter at 298 K and 1 atm.

Component δexp
t (J/cm3)0.5 [46] δsim

t (J/cm3)0.5 [⃒⃒δexp
t − δsim

t
⃒
⃒

δexp
t

]

× 100

Acetone 20 20.362 1.81
Toluene 18.2 18.556 1.96
Benzene 18.6 18.073 2.83
n-butyl acetate 17.4 18.549 6.60
Carbontetracholoride 17.8 17.916 0.65
Acetic acid 21.4 21.203 0.92
n-butanol 23.1 22.804 1.28
water 47.8 47.148 1.36

Fig. 3. Variation of acetic acid and acetone solubility parameter with respect to temperature at 1 atm.

Table 3
Prediction of solubility parameter of toluene at presence of silica nanoparticles at 298 K and 1 atm.

vol% SiO2 Wt. % SiO2 Molecule SiO2 Molecule Toluene δsim
t (J/cm3)0.5

⃒
⃒δsim

t .Acetone − δsim
t.solvent

⃒
⃒

⃒
⃒δsim

t .Acetic Acid − δsim
t.solvent

⃒
⃒

0 0 0 500 18.556 1.806 2.647
0.028898 0.088275 1 738 19.204 1.158 1.999
0.037945 0.115888 1 562 19.702 0.659 1.501
0.062338 0.190293 1 342 19.789 0.572 1.414
0.100054 0.30519 1 213 18.662 1.699 2.541
1.018158 3.048192 23 477 18.436 1.926 2.767
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increased. This trend is continued in a way that at concentrations over 3 wt%, the difference between the solubility parameter of
benzene, toluene, n-butyl acetate solvents and acetic acid, acetone is increased to a value, which is even higher than the difference of
pure solvents. According to the results of Forster et al. [42], and Greenhalgh et al. [41] research’s on the deviation of solubility pa-
rameters of different compounds, all the solvents present in Tables 3–5 are miscible with acetic acid and acetone with silica nano-
particles concentration of 0.1 vol%. However, according to Tables 3–5, the best solvent for acetone is benzene with silica concentration
of 0.038 vol%, and the best solvent for acetic acid is also benzene at silica concentration of 0.029 vol%. The difference of solubility
parameters of benzene with acetic acid and acetone at silica nanoparticle concentrations of 0.038 vol% and 0.029 vol% is 0.403
(J/cm3)0.5 and 0.414 (J/cm3)0.5, respectively.

Considering the obtained results, the best solvents for acetone from top to bottom are benzene (0.038 vol%), toluene (0.062 vol%),
n-butyl acetate (0.029 vol%), carbon tetrachloride (0.029 vol%), and n-butanol (0.029 vol%). The best solvents for acetic acid, in
order, are benzene (0.029 vol%), n-butanol (0.029 vol%), toluene (0.062 vol%), n-butyl acetate (0.029 vol%), and carbon tetra-
chloride (0.029 vol%). In Fig. 4, plot of solubility parameters of solvents with respect to the volume concentration of silica

Table 4
Prediction of solubility parameter of benzene at presence of silica nanoparticles at 298 K and 1 atm.

vol% SiO2 Wt. % SiO2 Molecule SiO2 Molecule Benzene δsim
t (J/cm3)0.5

⃒
⃒δsim

t .Acetone − δsim
t.solvent

⃒
⃒

⃒
⃒δsim

t .Acetic Acid − δsim
t.solvent

⃒
⃒

0 0 0 500 18.073 2.289 3.13
0.029167 0.08813 1 872 20.789 0.428 0.414
0.038185 0.115358 1 666 20.765 0.403 0.438
0.062469 0.188629 1 407 20.772 0.410 0.431
0.10006 0.301909 1 254 18.076 2.286 3.127
0.994936 2.948717 19 481 17.978 2.384 3.225

Table 5
Prediction of solubility parameter of carbon tetrachloride, n-butanol and n-butyl acetate at presence of silica nanoparticles at 298 K and 1 atm.

vol%
SiO2

Wt. %
SiO2

Molecule
SiO2

Molecule
CCl4

Molecule n-
butanol

Molecule n-butyl
acetate

δsim
t (J/
cm3)0.5

⃒
⃒δsim

t .Acetone −

δsim
t.solvent

⃒
⃒

⃒
⃒δsim

t .Acetic Acid −

δsim
t.solvent

⃒
⃒

0 0 0 500 – – 17.916 2.44 3.287
– 500 – 22.804 2.442 1.601
– – 500 18.549 1.813 2.654

0.029225 0.048799 1 455 – – 19.124 1.238 2.079
0.029368 0.09527 1 – 850 – 22.270 1.908 1.067
0.029368 0.088185 1 – – 586 19.183 1.178 2.02
0.038324 0.06399 1 397   17.659 2.674 3.515
0.038102 0.124547 1 – 650 – 22.617 2.255 1.414
0.038411 0.115317 1 – – 448 18.631 1.731 2.572
0.062325 0.104048 1 324   18.875 1.507 2.328
0.063003 0.205827 1 – 393 – 22.767 2.405 1.564
0.062333 0.187047 1 – – 276 18.597 1.765 2.606
0.100271 0.167353 1 233 – – 18.83 1.528 2.373
0.100206 0.327091 1 – 247 – 22.626 2.264 1.423
0.100569 0.301554 1 – – 171 18.963 1.399 2.24
1.8346 3.0268 37 463 – – 17.965 2.397 3.238
0.916755 2.938076 18 – 482 – 22.318 1.956 1.115
1.01088 2.976902 28 – – 472 18.320 2.042 2.883

Fig. 4. Predicted solvents solubility parameters versus volume concentration of silica nanoparticles.

H. Moradi et al. Heliyon 10 (2024) e38086 

6 



nanoparticles is drawn. In this plot, red and black dashed lines represent the solubility parameter of pure acetic acid and acetone,
respectively, which are obtained from molecular dynamic simulation. According to this plot, the closer the solubility parameter of
solvent is to the solubility parameter of acetone (red dashed line), and acetic acid (black dashed line), the more soluble that solvent is in
acetic acid and acetone. Moreover, it can be deducted from the plot that only in the case of benzene and n-butanol, the solubility
parameter is higher than the pure acetone in the presence of nanoparticles compared to the pure solvent, while for the acetic acid, all
the solvents except n-butanol have lower solubility parameter with the presence of nanoparticles.

Table 6 shows the density, boiling point, melting point, and viscosity of toluene, benzene, carbon tetrachloride, n-butanol, and n-
butyl acetate. Apart from closeness of solubility parameters, low melting point and viscosity, and high boiling point are the other
characteristics of a good solvent. Considering the lower viscosity of toluene compared to n-butanol, and also due to the low difference
between the boiling point of n-butanol (117.7 ◦C) and acetic acid (117.9 ◦C) [1], toluene is a better solvent than n-butanol for
extraction of acetic acid from water. As a result, according to the data presented in Tables 3–6 and Fig. 4, for extraction of acetone and
acetic acid from water, benzene solvent with silica nanoparticles concentrations of 0.038 vol%, and 0.029 vol%, respectively; and
toluene solvent, both with nanoparticles concentration of 0.062 vol% are the best choices.

3.3. The effect of number of molecules (cell size) on the solubility parameter

In Fig. 5, the dependence of solubility parameter on the number of molecules in the simulation cell is shown. Here, only the results
related to the solubility parameter of carbon tetrachloride is discussed, as the other solvents have similar behavior. In the simulation of
this part, three systems with 250, 500, and 750 carbon tetrachloride molecules having the box length of 17.717, 17.916, and 17.844 Å,
respectively, were constructed. The calculated solubility parameter for these simulation boxes were 17.717, 17.916, 17.844 (J/cm3)0.5,
which are very close to the experimental value (17.8 (J/cm3)0.5) [46].

According to what can be seen in Fig. 5, the deviation between simulated solubility parameter and the experimental value (purple
dashed line) is not very considerable and indicates the negligible effect of number of molecules on the results of the simulation.
However, since the speed of the simulation with 500 molecules is about 1.86 times the speed with 750 molecules, 500 molecules were
used also for the simulation of other compounds. Zhao et al. [51] reached the same conclusion as well for the effect of simulation box
size on the diffusion coefficient of CO2 in water, when comparing the results from three simulation boxes with the size of 30, 50, and 70
Å.

In Fig. 6, the effect of number of molecules (or cell size) on the solubility parameter of carbon tetrachloride with silica nanoparticles
was investigated at the concentration of 0.072%, and cell sizes of 37.4, 47.1, and 53.9 Å, containing 324CCl4+1SiO2, 648CCL4+2SiO2,
and 648CCL4+2SiO2 molecules, respectively, which showed the same results as the case without nanoparticles. However, because in
this part, the density of solvents are different for toluene, benzene, carbon tetrachloride, n-butanol, and n-butyl acetate; for con-
centrations below 0.1 %, one silica nanoparticle molecule was used.

3.4. Binary mixtures

Miscibility of two compound is related to the formation of hydrogen bonds, difference in polarity, and dielectric constants [34].
Low difference in dielectric constants in polar liquids, favors the miscibility. In this section, the solubility or non-solubility of acetic
acid and acetone at toluene, benzene, carbon tetrachloride, n-butanol, and n-butyl acetate solvents were studied by drawing the plot of
relative concentration variation at z direction of amorphous cell. In the last section (prediction of solubility parameter), it was un-
derstood that acetic acid and acetone are soluble in the five solvents mentioned. Since the results of the simulation are heavily
dependent on the parameters of the force field [52], if COMPASS force field is chosen, the relative concentration in the z direction
should remain constant.

In Tables 7 and 8, the number of molecules in the simulation, weight percentage, simulation cell size, density of the cell at the end of
simulation, calculated density from Aspen HYSYS software (at 298 K and 1 atm), and density experimental are shown. A total number
of 500 molecules were used to construct each amorphous cell. In this step, the duration needed to reach equilibrium in the simulation
with isothermal-isobaric ensemble (NPT) is considered 500 ps [52]. Moreover, Ewald summation method with precision of 0.01
kcal/mol was used for calculation of electrostatic interactions and Atom based summation method was used for calculation of van der
Waals interactions with cut-off distance of 12.5 Å. Also, Velocity scale thermostat and Berendsen thermostat were utilized in all the
simulations. The density of mixtures or pure compounds were obtained using NPT ensemble, which were very close to the values
obtained from Aspen HYSYS software (simulation values were higher compared to the HYSYS values). According to the prior studies,
calculated densities are systematically bigger than the experimental values [52–54].

Table 6
Density, boiling point, melting point, and viscosity of solvents.

Density (g/cm3) Boiling point (◦C) Melting point (◦C) Viscosity (cP)

Toluene 0.867 110.6 − 95 0.590 (20 ◦C)
Benzene 0.8765 80.1 5.5 0.6076 (25 ◦C)
n-butyl acetate 0.882 116.16 − 78 0.685 (25 ◦C)
n-butanol 0.8058 117.7 − 89.8 2.620 (25 ◦C)
Carbontetracholoride 1.5867 76.72 − 23 0.86 (25 ◦C)
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Fig. 5. The effect of number of molecules on the solubility parameter of pure carbon tetrachloride at 1 atm and 298 K.

Fig. 6. The effect of number of molecules on the solubility parameter of carbon tetrachloride with 0.072 vol% of silica nanoparticles at 1 atm and
298 K.

Table 7
The number of molecules, weight percentage, density, and dimensions of amorphous cell for the binary mixture at 298 K and 1 atm.

Component Number of molecules Weight % Density Exp (g/cm3) Density MD (g/cm3) Density HYSYS (g/cm3) a ×b × c (Å)

Acetone 250 38.7 0.83245 0.838 0.8349 35.3 × 35.3× 60
Toluene 250 61.3
Acetone 250 42.6 – 0.839 0.8298 33.7 × 33.7× 60
Benzene 250 57.4
Acetone 250 27.4 – 1.247 1.238 34.4 × 34.4× 60
Carbon tetrachloride 250 72.6
Acetone 250 43.9 0.8026 0.7889 0.8012 32.8 × 32.8× 60
n-butanol 250 56.1
Acetone 250 33.3 0.8435 0.848 0.8478 37.7 × 37.7× 60
n-butyl acetate 250 66.7

Table 8
The number of molecules, weight percentage, density, and dimensions of amorphous cell for the binary mixture at 298 K and 1 atm.

Component Number of molecules Weight % Density Exp (g/cm3) Density MD (g/cm3) Density HYSYS (g/cm3) a ×b × c (Å)

Acetic Acid 250 39.5 0.918 0.9491 0.9164 39.8 × 39.8× 60
Toluene 250 60.5
Acetic Acid 250 43.5 – 0.9513 0.9223 37.9 × 37.9× 60
Benzene 250 56.5
Acetic Acid 250 28.1 – 1.41 1.3593 38.7 × 38.7× 60
Carbon tetrachloride 250 71.9
Acetic Acid 250 44.8 0.9056 0.8945 0.9182 38.0 × 38.0× 60
n-butanol 250 55.2
Acetic Acid 250 34.1 0.9262 0.9538 0.9215 43.6 × 43.6× 60
n-butyl acetate 250 65.9
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In Fig. 7, the variation of relative concentration of acetic acid and acetone binary mixture at five solvents of toluene (a), benzene
(b), carbon tetrachloride (c), n-butanol (d), and n-butyl acetate (e) in the z-axis direction is plotted. As can be seen in Fig. 7(a–e), the
plots of relative concentration of the binary mixtures are straight lines, which indicate the homogeneous distribution of compounds in
the mixture and miscibility of binary mixtures. Moreover, according to the results obtained by Greenhalgh et al. [41], if the deviation
of solubility parameter is less than 7 (J/cm3)0.5, the compounds are most certainly miscible. Since the deviation of solubility parameter
of these solvents in the pure state is less than 7 (J/cm3)0.5, it can be concluded that acetic acid and acetone are soluble in all these
solvents.

The dielectric constant of acetone and acetic acid are 20.7, and 6.2, and the dielectric constants of benzene, toluene, carbon tet-
rachloride, n-butanol, n-butyl acetate are equal to 2.25, 2.38, 2.23, 17.5, and 5.01, respectively. Since acetone has the properties of
both polar and non-polar compounds, it is soluble in non-polar solvents due to the presence of two methyl groups. Moreover, acetic
acid has polar and non-polar properties, too, and is soluble in non-polar solvent because of its methyl group. In a study carried out by
Núñez-Rojas [52], on the extraction of benzene from dodecane using polar solvents and ionic liquids, by plotting benzene’s density in
the z direction, they figured out that benzene is soluble in polar solvents while dodecane is not soluble in these solvents.

In Table 9, the total number of molecules, weight percentage, dimensions of the simulation cells, density of the cell at the end of
simulation, and the calculated density using Aspen HYSYS software for the binary mixture of water and other compounds at 298 K and
1 atm is shown. The weight percentages of the mixtures are almost equal. The total number of molecules in each cell was set to 500
molecules.

In Fig. 8, the variation of concentration in the binary mixture of water in seven compounds of acetone (a), acetic acid (b), toluene
(c), benzene (d), carbon tetrachloride (e), n-butanol (f), and n-butyl acetate (g) in the z direction is plotted. Since water is polar, acetic

Fig. 7. Variation of relative concentration of binary mixture in the z direction of amorphous cell, the right column is for acetic acid and the left
column is for acetone: a) toluene, b) benzene, c) carbon tetrachloride, d) n-butanol, e) n-butyl acetate at 298 K, 1 atm.
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acid and acetone are capable of forming hydrogen bonds with water molecules and thus are soluble in water (Fig. 8-a, 8-b). It can be
seen from Fig. 8-(c-g) that none of the compounds are soluble in water. This point can also be understood from the fact that the
differences between the solubility parameter of water and other compounds is high (Table 2). Also, there is a considerable difference
between the dielectric constant of water (the dielectric constant of water is 80) and non-polar solvents of toluene, benzene, carbon
tetrachloride, n-butanol, and n-butyl acetate, which is in the favor of non-solubility.

4. Conclusion

Molecular dynamics simulation was utilized for the selection of best solvent for extraction of acetic acid and acetone from water. In
the simulations, solvents with three inter-surface tension level of low, medium, and high (toluene, benzene, n-butyl acetate, carbon
tetrachloride, and n-butanol) were used. The results of calculated solubility parameters and binary mixtures revealed that COMPASS
force field can predict the solubility parameter of compounds in the presence or absence of nanoparticles with great accuracy. The
simulations showed that by increasing the temperature, the solubility parameter would decrease. Furthermore, it was observed by
calculation of carbon tetrachloride solubility parameter in three different cell dimensions (with and without the presence of

Fig. 7. (continued).

Table 9
The number of molecules, weight percentage, density, and dimensions of amorphous cell for the binary mixture.

Component Number of molecules Weight % Density MD Density HYSYS a ×b × c (Å)

Water 382 50.1 0.891 0.8989 33.60 × 33.60× 33.60
Acetone 118 49.9
Water 385 50.1 0.9767 1.022 28.47 × 28.47× 28.47
Acetic Acid 115 49.9
Water 418 49.9 0.9328 0.9302 25.92 × 25.92× 40
Toluene 82 50.1
Water 407 50.2 0.937 0.9352 25.43 × 25.43× 40
Benzene 93 49.8
Water 448 50.2 1.294 1.229 22.7 × 22.7× 40
Carbon tetrachloride 52 49.8
Water 402 49.9 0.8567 0.9019 25.84 × 25.84× 40
n-butanol 98 50.1
Water 433 50.1 0.94 0.9393 26.23 × 26.23× 40
n-butyl acetate 67 49.9
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nanoparticles) that the size of the simulation cell (number of molecules) does not affect the solubility parameter. By studying the
solubility parameter and the plot of relative concentration of binary mixtures, it was predicted that the best solvents for acetic acid and
acetone are benzene (with 0.029 vol% and 0.038 vol%) and toluene (0.062 vol%), respectively. The results of solubility parameter
showed that at low concentrations, increasing nanoparticles will increase the solubility parameter due to the increased Brownian
motion. At higher concentrations, the solubility parameter started to decrease due to the aggregation, leading to a lower solubility
parameter than the pure solvent at concentrations higher than 3 wt%.

Fig. 8. Plot of relative concentration variation of binary mixture in the z direction of the amorphous cell: a) water-acetone, b) water-acetic acid, c)
water-toluene d) water-benzene, e) water-carbon tetrachloride, f) water-n-butanol, and g) water-n-butyl acetate.
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