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This study examines the interactions between diesel molecules and
polyethersulfone (PES) membranes, focusing on the mechanical properties,
adsorption behavior, and thermodynamic characteristics of different crystal
surfaces. The results demonstrate that the (001) surface exhibits stronger
binding energy and a higher electron density near the Fermi level compared
to the (100) surface, indicating greater surface reactivity. Cohesive energy
density analysis reveals that the electrostatic-to-van der Waals energy ratio
for the (001) surface (9:1) is substantially higher than that of the (100) surface
(approximately 7:4), reflecting enhanced electron exchange interactions. In
addition, shear energy analysis indicates lower shear resistance on the (001)
surface, suggesting increased surface instability in the presence of diesel
molecules. Notably, diesel molecules aligned parallel to the PES aromatic rings
exhibit significantly stronger adsorption, leading to improved pollutant
capture and enhanced oil-water separation performance. However,
excessively strong interactions may limit further pollutant adsorption and
increase the risk of membrane clogging, highlighting the importance of
balancing adsorption strength and membrane stability in PES membrane
design.

GRAPHICAL ABSTRACT

Adsorption on surfaces
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Introduction

Freshwater scarcity and the global water crisis
pose significant challenges,
underdeveloped regions. A major contributor to
this issue is the generation of oily wastewater
from various industrial processes, including food
processing, metallurgy, petrochemical operations,
and oil refineries [1,2]. The discharge of such
wastewater can lead to severe environmental
pollution and the depletion of vital water
resources [3]. Furthermore, reports indicate that
persistent hydrophobic oily residues can
contaminate agricultural soils, often rendering
them hydrophobic and significantly reducing
water capacity  [4].
approaches for treating oily wastewater primarily
involve physical and chemical methods [5].
However, separating water and oil emulsions for
microemulsions containing stabilizing surfactants
remains a challenge [6]. In addition, emulsion
separation is more complicated than oil and water
mixture separation [7]. Membrane technology is
an efficient technique due to its ability to
effectively remove oil droplets compared to
current technologies [8-13]. Significantly, the
membrane performance depends on the surface
properties of the membrane, such as moisture,
surface charge and pore size, surface roughness
[14-17]. Among the
polymer ultrafiltration membranes are one of the
most effective methods for treating oily effluents
compared to conventional separation methods,
due to their high oil removal efficiency without
the need for chemical additives and low energy
[18]. Polymeric
polysulfone (PSF), polyether sulfone (PES),
polyvinylidene fluoride (PVDF), polyacrylonitrile
(PAN) and cellulose acetate (CA) [8, 19-21].

Simple and complex metal oxide nanostructures
including ZnO, NiO, CuO, C0o304, Mn304, Mn,03, and
spinels (AB:04) have unique properties due to

particularly in

infiltration Current

membrane processes,

costs membranes include

their nanoscale dimensions that can be added to
polymer membranes [22]. Chitosan is also a
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natural amino polysaccharide with unique
structure and versatile properties that are widely
used in the industry. Its combination with metal
oxide nanoparticles imparts the chemical and
surface properties of organic compounds [23].
The positive effect of adding metal
nanoparticles on the performance of composite
membranes has also been mentioned in previous
studies [24-28]. Yuliwati et al. used composite
matrix membranes to purify oily wastewaters.
They found that a 1.95% increase in TiO;
nanoparticles for the membrane increased flux by
about 82.5 and 98.83 % (L.m2h1) oil recovery
[24].

Diesel is composed primarily of straight-chain,
branched-chain and alkanes, along with a portion
of cycloalkanes and aromatic hydrocarbons. The
length of the carbon chains typically ranges from
Ci0 to Czo or more, resulting in a higher boiling
point and energy density for diesel compared to
gasoline. These chains make up about 70 to 80
percent of diesel and are long-chain hydrocarbons
(alkanes). About 20 to 30 percent of the mixture
consists of compounds such as derivatives of
toluene or naphthalene (aromatics), along with
smaller amounts of alkenes and sulfur-containing
compounds (which are reduced in low-sulfur
diesel) [29-31]. Some researchers have focused
on the three-dimensional modeling of the
structure of PES membranes and the examination
of its structural effects on the absorption of
pollutants [32,33]. Additionally, some studies
have investigated PES modified membranes and
their performance in absorbing
pollutants. Furthermore, a comparison has been
made between PES and other membrane
materials concerning the absorption of oil
pollutants using molecular simulations [34-36].

However, this study specifically addresses the
adsorption of diesel emphasizing its alkane
fraction as a key pollutant in the mining industry.

oxide

oil-based

It investigates the interaction of diesel with the
surface of polyethersulfone (PES) membranes
using molecular simulations, including molecular
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dynamics (MD) and density functional theory
(DFT), noting that no prior work has focused
explicitly on this topic. Considering that alkane
rings constitute the predominant component of
diesel fuel, the study will focus on the adsorption
of this class of structures on the membrane
surface.

Computational details

All spin-unrestricted DFT calculations were
performed by the DMol3 [37,38] module in
Material Studio and computations were carried
out in a water solvent using the conductor-like
screening model (COSMO) [39] with a global
cutoff value of 4 A and smearing values of 0.005
Ha. The convergence criteria for energy, force, and
displacement were set to 10-5 Ha, 0.001 Ha/A,
and 0.005 A, respectively. The MD simulations
were performed by the Forcite module in
Materials Studio using the Compass force field
[40]. The geometries were optimized using the
maximum iteration of 500, with fine quality and
an energy of convergence tolerance of 1 x 10
kcal/mol. The simulation steps were 1 fs, with a
total dynamic time of 100.0 ps. A constant number
of atoms, volume, and energy ensemble (NVE)
was employed in this study at T=298.15 K with
initial random velocities [41,42]. Additionally, the
interaction energy was calculated according to
Equation 1.

Eads = Etot — (Esurf + Emol) (1)

Where, Eio is the total energy of the surface and
the diesel molecule, Es.r corresponds to the
energy of the surfaces, and En, is the energy of an
isolated diesel molecule.

Results and Discussion

First, the PES structure based on a monomer was
constructed and optimized. Afterward, using the

amorphous cell module and creating the desired
network from the prepared structure, (100, 001)
surfaces were adapted and optimized. The surface
of (100) was investigate the
interaction of diesel with the atoms of the PES
ring, while the (001) surface was chosen to study
how the diesel molecule interacts with the rings
and the voids in the structure. Now, by inserting
the optimized diesel molecule into the cell and
selecting the In-cell option from the lattice
window, the prepared for
calculations. The complex structures are shown in
Figures 1 and 2. Considering that alkane rings
constitute the predominant component of diesel,
the study will focus on the adsorption of this class
of structures (n-C12H24) on the membrane surface.

Using Equation 1, the adsorption energy of a
diesel molecule on the (100, 001) surfaces is
-30 and -116 kcal/mol,
respectively. The comparison of adsorption
energies indicates a stronger interaction between
the diesel molecule and the (001) surface. When
the rings are oriented parallel to the pollutant, the
likelihood of stronger interaction and adsorption
on the surface is higher. In contrast, if the
molecule is not aligned parallel to the surface-ring
atoms and is instead in the empty space between
the rings, in contact with the surrounding atoms
(interacting), the adsorption becomes weaker,
and the energy value decreases.

Tables 1 and 2 show the Hirshfeld atomic
charges of the O, H, C, and S atoms of surfaces near
the diesel molecule. A comparison of Tables 1 and
2 also shows that the charge variations for the
(001) surface are greater than those for the (100)
surface. Here, the presence of sulfur, in addition to
oxygen on the surface, leads to an increase in
electron exchange between the diesel molecule
and the (001) Consequently, the
interaction in this case is greater than that for the
(100) surface.

selected to

structures are

calculated to be

surface.
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Figure 1. Diesel molecule and 100 surface; a. Initial location of diesel molecule above the surface and inside the
constructed cell and b. diesel molecule adsorbed on the 100 surfaces

Figure 2. Diesel molecule and 001 surface; a. Initial location of diesel molecule above the surface and inside the
constructed cell and b. diesel molecule adsorbed on the 001 surface
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Table 1. The calculated Hirshfeld atomic charges (in e) of interacting atoms before and after the diesel

adsorption
(100) Surface Before After
Oxygen -0.535 -0.464
Hydrogen 0.127 0.127
Carbon -0.126 -0.126

Table 2. The calculated Hirshfeld atomic charges (in e) of interacting atoms before and after the diesel
adsorption

(001) Surface
Oxygen

Hydrogen
Carbon

Sulfur

Before
-0.535

0.193
0.160

-0.717

After
-0.485

0.082
0.160

-0.728

001 surf

Density of state(electrons/eV)
N
o

----- orbital- s
------- orbital-p
orbital-d

Energy (eV)

Figure 3. The PDOS diagram of s, p and d orbitals. 001 surface in contact with diesel molecule

Electron density studies were conducted in the
context of electron transfer at the surface. As
shown in Figures 3 and 4, the changes in electron
density near the Fermi surface for the (001)
surface are larger than those for the other surface.
The density of the p-orbital state is generally
higher and exhibits more distinct peaks than the d
or s states, indicating that the p orbital plays a
more active role relative to the other orbitals. It
should also be noted that at higher (positive)
energies, near the Fermi level, the p-orbital

associated with the (001) surface is more active
than that associated with the (100) surface. Based
on Figure 4 and Table 1, the oxygen atom at the
(100) surface shows the highest charge transfer to
the diesel molecule and facilitates electron
transfer from the surface to the p-orbitals of the
diesel carbon. However, the p orbitals of the
oxygen and sulfur atoms at the (001) surface,
according to Table 2 and Figure 3, exchange
electrons with the carbon p-orbital of the diesel
molecule.
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Figure 4. The PDOS diagram of s, p, and d orbitals. 001 surface in contact with diesel molecule

According to our DFT calculations, the free
energy reaction was calculated using the
following Equation [43]:

AG= Groia+ Gsurpa— Gmois — Gsurfs (2)

Where, Gmos and Gmoia indicate the energy of an
isolated diesel molecule before and after reaction
with the surface, while the Gaurs and g terms
correspond to the energy of PES surfaces (before
and after interaction), respectively. The AG values
for the (100) and (001) surfaces were obtained as
- 45 and -186 kcal/mol, respectively. Considering
these values, it can be concluded that the diesel
molecule interaction over the titled surfaces is a
thermodynamically =~ spontaneous  reaction.
Moreover, it was found that the diesel interaction
is more favorable with the (001) surface, and its
free energy change is more negative over the
(001) surface than over (100). Analysis of the
binding energy density revealed that the energy
value for the (001) surface is approximately
double that of the (100) surface. Upon interaction
with the (001) surface, the molecule exhibits an
electrostatic-to-van der Waals energy ratio of 9:1,
whereas this ratio is approximately 7:4 for the

(100) surface. Enhanced electron exchange occurs

between the diesel molecule and the (001) surface
compared to the (100) surface, resulting in a
stronger surface-pollutant interaction.
Furthermore, the solubility parameter indicates
greater stability when the molecule adsorbs onto
the (001) surface, with corresponding energy
values of 14.6 and 10.4 J/M3 for the (001) and
(100) surfaces, respectively. The contribution of
electrostatic energy for the (001) surface is
roughly twice that observed for the (100) surface.

Table 3. The shear modulus for the (100, 001)

surfaces
Module Layers
Surface (100) Surface (001)
Shear module 0.34 0.17

(GPa)

The mechanical structure of the surfaces after
interaction with the diesel molecule was further
investigated. It is expected that the shear energy
of the (001) surface is relatively lower than that of
the (100) surface. Images of the intermediate
configurations obtained during the MD
simulations, along with the potential energy as a
function of time, are shown in Figures 5 and 6,
which support this expectation. A contaminant
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adsorbs onto (001) surface with a lower potential
energy, and its subsequent reaction can proceed
with the least activation energy. The reaction
pathway on the (100) surface requires greater
activation energy, or structural changes are
needed to surmount a larger energy barrier. As a
result, (001) surface shows a greater tendency to
react with the pollutant, indicating its instability

Co & C <

and reactivity compared to the (100) surface [44].
Additionally, the data in Table 3 also confirm that
the shear energy of the (001) surface is lower than
that of the (100) surface. In practice, the (100)
surface is more stable when exposed to the diesel
molecule, and its structure is preserved more
effectively.
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Figure 5. Snapshots for the NVE MD calculations, (001,100) surfaces with diesel
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Figure 6. Graph of energy of each structure versus time for 100, 001 surfaces with diesel

From the studies conducted, it can be concluded
that when the pollutant or diesel molecule is
aligned parallel to the PES rings, stronger
adsorption and more favorable interactions occur.
Consequently, the pollutant is absorbed more
efficiently by the membrane from the surrounding
environment, thereby facilitating the oil-water
separation. Nevertheless, a strong interaction
between the pollutant and the membrane surface
may reduce the membrane’s capacity to absorb
other pollutant molecules and can increase the
likelihood of fouling within the PES rings,
potentially  affecting
performance [45,46].

long-term  membrane
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Conclusion

In summary, this study elucidates the interaction
between diesel molecules and PES membranes,
crystallographic orientation
fundamentally governs membrane reactivity,
stability, and separation performance. Unlike
previous studies that primarily focus on bulk or
macroscopic membrane properties, this work
demonstrates that the (001) and (100) PES
surfaces exhibit distinctly different electronic
structures, cohesive energy distributions, and
shear responses, which directly control pollutant-
membrane interactions. This heightened activity,

revealing how
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however, stems from the surface's lower shear
energy and greater instability. The superior
adsorption performance of the (001) surface is
shown to originate from enhanced electron
exchange, higher electrostatic contributions, and
lower shear resistance, enabling more effective
oil-water separation. While, favorable for initial
capture, the intense interaction can lead to rapid
saturation, hindering the membrane’s capacity for
ongoing pollutant absorption and increasing the
propensity for irreversible fouling and clogging.
Consequently, the pursuit of
adsorption must be carefully weighed against

maximum

long-term operational durability. Future designs
should aim for a balanced interface that maintains
sufficient affinity for targeted separation while
mitigating excessive binding that compromises
membrane lifespan. By mastering the intricate
balance between reactivity and stability, more
efficient, sustainable, and cost-effective solutions
can be uncovered for water remediation and
environmental protection. Ultimately, the insights
bridge molecular-scale interactions with practical
performance, guiding the next generation of
membranes for complex separation challenges.
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