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Glyphosate (GLY) is a nonselective herbicide that has been widely used in agriculture for weed control.
However, there are potential genetic, development and reproduction risks to humans and animals
associated with exposure to GLY. Therefore, the removal of this type of environmental pollutants has
become a significant challenge. Some of the two-dimensional nanomaterials, due to the characteristics
of hydrophilic nature, abundant highly active surficial sites and, large specific surface area are showed
high removal efficiency for a wide range of pollutants. The present study focused on the adsorption
behavior of GLY on silicene nanosheets (SNS). In order to provide more detailed information about the
adsorption mechanism of contaminants on the adsorbent's surface, molecular dynamics (MD) and well-
tempered metadynamics simulations are performed. The MD results are demonstrated that the
contribution of the L-J term in pollutant/adsorbent interactions is more than coulombic energy.

Furthermore, the simulation results demonstrated the lowest total energy value for system-A (with the
Received 19th January 2022

Accepted 23rd March 2022 lowest pollutant concentration), while system-D (contains the highest concentration of GLY) had the

most total energy (Ewor. —78.96 vs. —448.51 kJ mol™). The well-tempered metadynamics simulation is
DOI: 10.1039/d2ra00385¢ accomplished to find the free energy surface of the investigated systems. The free energy calculation for

rsc.li/rsc-advances the SNS/GLY system indicates a stable point in which the distance of GLY from the SNS surface is 1.165 nm.

operation and also can prevent secondary pollution which is
generated by other harmful substances.’>™*

It is well known that in the adsorption method, the choice of
suitable adsorbents is of great importance. The adsorbents

1. Introduction

Issues associated with air and water pollution have become
a significant issue across the whole world. Environmental

pollutants come in many forms, including bacteria, gases, and
heavy metal ions." They can have considerable negative impacts
on human beings and other living organisms. For instance, in
some cases, they can cause serious illnesses, and even cancer, in
human beings.”

Glyphosate (GLY, Scheme 1) is a widely used broad-spectrum
herbicide in many regions worldwide and causes damage to
human cells.*” Various reports indicate that the half-life of GLY
in the soil extends to months, increasing the risk of erosion and
contamination of surface and groundwater sources.®’

Furthermore, the possible degradation product of GLY (DPG)
i.e., aminomethyl phosphonic acid (APA), is known as equally
toxic as GLY.? Therefore, the removal of GLY from a medium is
essential to protect human health and the environment.

Among various pollutants removal techniques such as ion
exchange, solvent extraction, and membrane filtration,”"*
adsorption has particularly attracted researchers' attention,
since it has several advantages, for example, cost-effective, easy-
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usually possess active sites and large specific surface area for
adsorbing pollutants.*®*”

Recently, two-dimensional (2D) nanomaterial has been
widely used for the removal of environmental pollutants.'** In
several studies, 2D materials such as graphene, arsenene,
phosphorene, and germanene have been reported to detect
pollution particles.?*** In particular, we are interested in
another 2D material: silicene, a 2D nanomaterial that has a 2D
hexagonal lattice structure with slight buckling and has been
found to show graphene-like properties.***® Lately, Guerrero-
Sanchez et al.*® used SNS as an effective adsorbent to chemically
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Scheme 1 Chemical structure of glyphosate.
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adsorb and inactivate SO, molecules. They showed the process
begins by first chemically adsorbing the SO, molecule. The next
step of the reaction is achieved when an S-O bond is broken and
the released atom bonds with two silicon atoms of the
substrate. In the last step, the reaction ends when the second
S-0 bond breaks down to form oxygen lines separated by sulfur
in the substrate.

Molecular dynamics (MD) simulation is known as a powerful
tool for exploring different properties of molecular systems at
the atomic level, which are usually outside the scopes of
experimental tools. The MD simulations can render beneficial
information about the activity of structures and interactions
between adsorbents during the adsorption.*”*®

In the present research, we study the use of SNS to physically
adsorb and removal GLY by using MD and well-tempered met-
adynamics (WT-MtD) simulations. The classical MD simulation
is applied to get deep insight into the diffusion and dynamic
properties of GLY adsorption on SNS in the environment. In
addition, WT-MtD has been employed to gain the free energy
surfaces (FES) of GLY on the SNS surface. Overall, our MD
results may help the theoretical researchers expand their area of
research, and even develop the pace of employing the 2D
nanomaterials in practical environmental systems.

2. Materials and methods
2.1 Systems preparation

Atomistic simulations and the design of SNS structure are
carried out by the GuassView program and optimized using the
Gaussian 09 software package.” Fig. 1 demonstrates a scheme
of the SNS model consisting 680 silicon atoms with sp®
hybridization. The unsaturation effect at the extremes of the
SNS is damped by adding hydrogen atoms at the edges.*

The structural data file for the GLY molecule is taken from
the PubChem (PubChem CID: 3496) database.*® The first
complex (system-A) is elaborated by manually positioning a GLY
molecule around the SNS structure with a distance of ~2 nm to
avoid initial GLY-SNS interactions (Fig. 1). To ascertain the
effect of pollutant concentration on dynamic properties of GLY

Fig. 1 The structure of the SNS/GLY complex.
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adsorption on the SNS nanosheet, four systems have been
designed. In the simulation systems, GLY molecules are located
on both sides of the SNS with different contents from 1 to 3, 5,
and 10, namely A, B, C, and D systems, respectively. It should be
noted that the simulations are accomplished in a 10 x 10 x 8
nm® box.

2.2 MD simulation

The four investigated systems are simulated for 100 ns using the
GROMACS 2019.2 package.**** The CHARMMS36 force field
parameters are assigned to generate topology and parameter
files.** All simulated systems are filled with TIP3P explicit water
molecules and, then a concentration of 0.15 M Na" and C1~ ions
are added to neutralize the system.** The temperature and
pressure at 310 K and 1 bar are employed a 2 fs time-step and
the leap-frog integration algorithm for integrating the equa-
tions of motion.*®

A cut-off radius of 1.4 nm is used for nonbonded interactions
and short-range electrostatic, and long-range electrostatic
interactions are calculated with the particle mesh Ewald
method.*” Bonds involving hydrogen are constrained during the
simulation using a LINCS method.*® All molecular images are
rendered using the visual molecular dynamics program.*

2.3 Well-tempered metadynamics

The WT-MtD simulation is implemented with GROMACS 2019.2
and its plugin PLUMED (version 2.5.2) for 100 ns.**** The FES is
explored as a function of the distance between the center of
mass (COM) of GLY and SNS surface. More details about the
WT-MtD simulation are provided and analyzed in the “Meta-
dynamics results” section.

3. Results and discussion
3.1 MD simulation results

To obtain a reliable assessment of the effects of pollutant
concentrations on the adsorption, a set of descriptors, such as
the radial distribution functions (RDF), the atomic RDF (aRDF),
the number of contacts between GLY molecules and SNS, the
mean square displacement (MSD), and the energy profiles
throughout the simulation trajectory are evaluated. The snap-
shots corresponding to MD simulations of GLY molecules
interacting with SNS at different concentrations are shown in
Fig. 2.

As seen in this figure, the GLY molecules have a good
tendency to adsorb on the SNS and form a stable complex after
100 ns. In Fig. 3, the total reciprocal energy and its two
constituent elements L-J and coulombic (coul) energies are
depicted separately.

As shown in Fig. 3, the L-J energy is significantly larger than
the coul energy for SNS/GLY in all of the systems, which indi-
cates that L-J energy is the major interaction between SNS/GLY.
Since the GLY contains phosphonate, carboxylate, and amine
groups, it is expected that adsorbs on the SNS surface in parallel
orientation. The L-J] energy value between GLY and SNS
becomes more negative when the number of the GLY increased,

RSC Adv, 2022, 12, 10154-10161 | 10155
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Fig. 3 Average coul (red), L-J (gray), and total (blue) interaction
energies between GLY molecules and SNSs.

which shows the tendency of GLY to adsorb on the surface of
SNS increased (see Fig. S1f). Also, the comparison of the
adsorption energy values in this work with previous works
(Table S171) shows that GLY is physically adsorbed on SNS.*** It
is found that the interaction of GLY with SNS is stronger than
the other adsorbents, which confirms that SNS has good
potential for the removal of GLY.

The adsorption tendency of pollutant molecules can be
evaluated by comparison of L-J interactions of pollutants with
its corresponding value for adsorbent and solvent. The profile of
the L-J energy changes versus simulation time for GLY binding
on SNS in A and D systems is shown in Fig. 4.

10156 | RSC Adv, 2022, 12, 10154-10161

Initial (top) and final (down) snapshots for (A(a)) system-A, (B(b)) system-B, (C(c)) system-C and (D(d)) system-D.

As seen in this figure, by increasing the L-J interactions of
GLY with SNS, their interactions with water are decreased.
Reducing interactions of the GLY and water can facilitate the
diffusion of pollutant towards the adsorbent surface.

There is a significant correlation between L-J energy values
and the obtained results from the number of contacts. As shown
in Fig. 5, there are few contacts between SNS and GLY molecules
at the initial time of MD simulation; then, when the GLY
molecules approach the surface of SNS, the number of contacts
increases and keeps small fluctuations until the end of the
simulation. Due to the increase in pollutants concentration in
system-D, the number of atomic contacts of GLY with the SNS in
this system is higher than the corresponding value in the other
systems.

Furthermore, the interacted molecules with the surface of
SNS are counted as adsorbed molecules, and the obtained
results are exhibited in Fig. S2.T As can be seen in this figure, in
systems A, B, and C, all glyphosate molecules are adsorbed.
While in system-D, about 80% of the contaminant molecules
are adsorbed on the SNS surface. This finding confirms that SNS
could adsorb a high amount of GLY molecules, and it is sug-
gested as a good candidate for removal applications.

The pollutant/adsorbent radial distribution function (RDF)
is analyzed to evaluate the interaction between GLY molecules
and the SNS (see Fig. 6). The radial distribution function is an
important estimation of the probable distance of pollutants
from the SNS is obtained from eqn (1):**

g0 =2 )

Pi
p;(r) corresponds with average density of molecule j at a distance
r, around molecule i and p; is related to density of molecule j

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The L-J interaction for GLY/SNS and GLY/SOL pairs in (A) system-A and (B) system-D.
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Fig. 5 The variations of the number of contacts between the guest r(nm)
molecules and SNS surface.

averaged over all spheres around the molecule i until ry,y.
According to our obtained results in Fig. 6, there are consider-
able interactions between SNS and GLY molecules at a distance
of nearly 0.25-1.5 nm and, the maximum interaction occurs at
0.50 nm. As it is obvious from Fig. 6, the radial distribution
functions of SNS/pollutant molecules for all systems are almost
similar, and with increasing the distance, the intensity of their
interactions decreases. However, at system-A, the intensity of
interaction between the GLY and nanosheet is less than the
other systems, and the highest peak belonged to system-D,
where the L-J interaction is much higher than that in the
other systems (see Fig. S11). Fig. 7 exhibits the aRDF between
GLY active sites (i.e., phosphonate, carboxylate, and amine
groups) and adsorbent surface in A and D systems.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 Radial distribution function diagram between guest molecules
and SNS surface.

It is important to note that to provide a fair comparison, the
obtained results are presented only for one atom from each
chosen active site (see Scheme 1). The intense peaks of the RDF
plot for carboxylate and phosphonate sites are observed at
about 0.2-0.5 nm, while the most probable distance for the
amine site is located at around 0.49-0.52 nm. These results
demonstrate that the pollutant molecules prefer to interact with
the adsorbent surface through the OH groups.

The MSD is calculated to explore the behavior of pollutant
diffusion on the SNS based on the eqn (2):*

MSD(A?) = ((ri(A1) — r{(0))*) = (Ari(Ar)) (2)

RSC Adv, 2022, 12, 1015410161 | 10157
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Fig. 7 Atomic radial distribution function of the phosphonate, carboxylate and amine groups of the GLY molecule with SNS in (A) system-A and

(B) system-D.

Here, r;j(At) — r;(0) is the distance traveled by COM of the
particle i over some time interval of length.

Using Einstein's relation (eqn (3)),** the self-diffusion coef-
ficient (D;) of the GLY molecules is calculated with respect to the
SNS and the results are provided in Table 1. It should be noted
that all of the D; values are extracted from the last 25 ns of MD
productions.**’

D= é lim MSD(A?) 3)

At— o

Factors such as pressure, temperature, size and structure of
the adsorbent, and also density are effective in the diffusion of
pollutant molecules.** Comparison of the results presented in
Table 1 indicates that the D; value in system-D is higher than
that in other systems. This finding can be attributed to the high
concentration of GLY in this system which leads to competition
between the GLY molecules for adsorption. Since high MSD
indicates high D;, therefore, for this purpose, the MSD of GLY
molecules with different concentrations is plotted against
simulation time in Fig. S3.f By visualizing the animated
trajectory of the system, it is observed that the GLY molecules
diffuse towards the SNS and adsorb on SNS. This fact is nicely

Table1l The self-diffusion coefficient D; for the pollutant molecules in
the studied complexes at the last 25 ns of MD productions

Systems D; (107° em?s™) Error

System-A 0.0440 +0.0527
System-B 0.0195 +0.0025
System-C 0.0187 +0.0120
System-D 0.0099 +0.0169

10158 | RSC Adv, 2022, 12, 10154-10161

confirmed by a decrease in the GLY total energy in simulation
systems (c¢f. Table S27).

Moreover, the MSD slope of system-D is much less than that
of other systems. This finding can be attributed to the reduction
of GLY molecules’ movement with the increase of their
concentration which requires more energy for moving towards
the adsorbent (Fig. 3). These results are also confirmed by the
RDF results in Fig. 6, which show the distance between GLY and
SNS in A, B, and C systems is more than system-D.

3.2 Metadynamics results

Metadynamics is one of the successful techniques among free
energy calculation methods for exploring the energy of long-
time processes. Metadynamics use Gaussian-like bias to over-
come high energy barriers in FES. By defining collective vari-
ables (CVs) and adding bias potentials, metadynamics sampling
could reconstruct the FES based on the biased CVs. This
accelerates the sampling process for recording rare dynamic
events, such as large-scale structural conformation changes. In
WT-MtD, which is one of the types of metadynamics methods,
the bias height of these Gaussians reduces over the simulation
time.?®*

As well as, metadynamics is one of the successful techniques
used to investigate the free energy of long-time processes.* This
method allows the system to escape deep energy wells and to
sample a large region of its conformational energy landscape. In
the present work, the WI-MtD simulations are carried out to
find the FES of system-A. In Fig. 8, the free energy as a function
of the GLY COM distance from the adsorbent is shown.

As illustrated in this figure the free energy is set to zero when
the GLY is positioned far from the SNS surface. Furthermore,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The free energy profile of adsorption of glyphosate on the SNS
surface as a function of the center of mass of the GLY from the
adsorbents. The snapshot shows the low-energy configuration of
corresponding.

the free energy decreases as the pollutant molecule moves
toward the adsorbent surface during the adsorption process.

The FES profile for GLY adsorption on SNS demonstrates
two free energy minima located at GLY/adsorbent distances
of ~1.3 and 4.2 nm minima. The pollutant molecule for
reaching closest to the SNS surface (from minimum B to
minimum A) must energy barrier of
~13 kJ mol ', After crossing this barrier, while the pollutant
approaches the adsorbent surface, the decrease in free energy
value is continued to reach the most stable state. Close
inspection of the SNS/GLY configuration corresponding to
minimum A showed that GLY and adsorbent interact together
through phosphonate, carboxylate, and amine groups of
pollutant. The GLY configuration on the SNS at the global
minimum state is victualed by VMD, in which the distance of
carboxylate, phosphonate, and amine groups from the SNS
surface is about 0.41, 0.44, and 0.45 nm, respectively. These
distances have good agreement with the obtained results
from aRDF in MD simulations which indicated the simula-
tion time is long enough for SNS/GLY complex to reach its
most stable state.

overcome an

3.3 Adsorption of DPGs on SNS

Investigation of GLY degradation products has long been in the
spotlight; nevertheless, only a few detailed computational studies

Table 2 The LJ, coul, and total energies between SNS and DPGs (all
in kJ mol™)

Complexes LJ Coul Total

SNS@APA —514.57 —0.38 —514.19
SNS@SAR —444.43 —-0.11 —444.32
SNS@GLA —382.25 -1.11 —381.14
SNS@GLC —322.029 —0.213 —321.87

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Radial distribution function diagram between DPGs and SNS
surface.

have been reported on the topic so far. These species have various
effects indirectly on the human body and the environment. Here,
MD simulations are performed for evaluating the adsorption of
four main GLY degradation products i.e., APA, sarcosine (SAR),
glyoxylic acid (GLA) and glycine (GLC) (see Fig. S4t) on SNS. To
gain a deep understanding of the adsorption behavior of DPGs on
the SNS, the pair interaction energy is calculated. The L-J, coul,
and total energies of all studied complexes are collected in Table
2. The negative L-] and coul energy values for the interaction of
DPGs with the SNS surface corroborate the physical adsorption
process. Based on the results in Table 2, it is found that all of
DPGs, like GLY, could be adsorbed on the SNS. This finding
shows that the SNS enables the removal of these organic
compounds. It should be noted that the highest interaction
energy belongs to SNS@APA complex which can be related to the
formation of strong N---w, P---w and OH---v interactions
between SNS and APA (see Fig. S51). In order to compare the
adsorption mechanism, the RDF plot between the SNS and DPGs
is calculated and depicted in Fig. 9. According to RDF plots, in
SNS@SAR and SNS@GLA complexes, the probability of finding
SAR and GLA around the adsorbent surface is more than GLC.
Furthermore, SNS has strong interactions with APA molecules,
with a maximal g(r) of 8.02 and peak distance of 0.41 nm.

4. Conclusion

In this research, classical MD and WT-MtD simulations to obtain
molecular insight into the interaction between SNS and GLY are
accomplished. Our results indicates that in all studied systems,
the GLY molecules have a good tendency to adsorb on the SNS
and form a stable complex. Additionally, the obtained MD results
indicated that the L-] interaction is the main attractive contact
during the adsorption of GLY on SNS. It is found that by
increasing pollutant concentrations, the simulation system
becomes more stable and the L-J interactions of the simulation
system decrease. These findings are confirmed by RDF, MSD,

RSC Adv, 2022, 12, 10154-10161 | 10159
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and the number of contacts analyses. In SNS/GLY systems,
phosphonate, carboxylate, and amine groups of GLY molecule
cause that the GLY prefers parallel orientation to the SNS surface.
Well-tempered metadynamics simulation provides the binding
free energy profile of pollutant molecules during the adsorption
on the SNS. The FES for the system-A also shows that the GLY
molecule to reach a global minimum must be overcome an
energy barrier. Generally, our results pave the way for the appli-
cation of two-dimensional nanomaterials such as SNS as an
efficient device to remove environmental pollutant molecules.
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