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Proposing two-dimensional covalent organic frameworks
material for the capture of phenol molecules from wastewaters

Afsaneh Ghahari', Heidar Raissi

1% Samaneh Pasban' and Farzaneh Farzad'

Industrial wastewater organic pollutants such as phenol can be treated through adsorption on active surfaces. Herein, the
adsorption mechanism and dynamic behaviors of phenol molecules onto covalent organic frameworks (COFs) with well-defined
supramolecular structures are investigated via molecular dynamics and well-tempered metadynamics simulations under various
external electric fields. The Lenard-Jones interaction is predominant during the adsorption process, while NH and OH groups in
COFs and phenol, respectively, can increase the adsorption due to the electrostatic interaction. Besides, the adsorption affinity of
phenol on COFs is weakened by increasing the electric field strength. In addition, the free energy values for the complexes with and
without the external electric field at their global minima reached at about —264.68, —248.33, and —290.13 (for 1, 0.5, and 0V nm~")
kJ mol~', respectively. The obtained results confirmed the COFs as prominent adsorbents for loading phenol and its removal from

the water-contaminated environment.
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INTRODUCTION

Phenol' (carbolic acid as IUPAC nomenclature) is the most
common aromatic pollutant in several industrial wastewaters,
including chemical industries? such as electroplating®, mining®,
dyeing®, petrochemistry®, and so on’. This highly durable
molecule has a high toxicity effect, especially on aquatic life,
even at a low concentration. Among such adverse effects, phenol’s
harmful impact on the central nervous system is the most famous
one, which leads to anorexia, insomnia, and various other
detrimental subsequent®®. Because of its toxicity, the removal of
phenols'® from industrial wastewater flow and just before their
discharge into water reservoirs is thus obligatory. Otherwise, it will
be led to a serious deterioration of usable water resources'"'2, It is
important to note that phenol removal from wastewaters is
difficult because many different minerals salts such as sodium,
cadmium, lead, calcium, and zinc coexist with phenol in this
environment. Extraction of polar phenols in aqueous samples is
challenging due to their hydrophobicity, very low concentration,
and complexity. Therefore, the treatment of wastewaters contain-
ing resistant organic matters such as phenols has attracted much
attention. For this purpose, many researchers have proposed
several methods, such as adsorption, catalytic oxidation'®, thermal
oxidation®, condensation'®, and ion exchange'®. Among them,
the adsorption process is considered one of the most influential,
and economical methods for water cleansing’”'®. One of the most
efficient methods is to use porous solid substrates to adsorb and
separate pollutants from the water.

Two-dimensional covalent organic frameworks (COFs) are an
emerging class of highly ordered porous materials that can be
fabricated in the 2D plane with many potential applications. It is
worth mentioning that COFs are versatile materials and crystalline
polymers with regular pores, which are widely used to adsorb
contaminants due to their high porosity and modifiable skele-
ton'?2%, In fact, COFs have attracted much attention as a platform
because of their physicochemical properties?!, nano-porous struc-
ture, mechanical robustness??, high design flexibility??, excellent
solvent, thermal stabilities'?, well-proportioned cavities®*, low

densities?®, and high specific surface areas®®. Besides, these
materials have strong interactions against loadings nanoparticles
with high stability in acidic/aqueous/alkaline®’=>° mediums.
Recently, these materials have been synthesized as an extension
of carbon porous materials with more than one kind of repeating
unit (or monomer). Up to now, few studies have reported the
capability of COFs and their derivatives as favorable nanostruc-
tures for wastewater remediation. Ever since the reported COFs
structures by Cété et al3°, these compounds have constantly
attracted the attention of medicinal and biochemical scien-
tists>132, The development of COFs-based materials with superior
properties in separation science and technology is also of
enormous interest. For instance, Zhang et al. used an ultra-
stable sp? carbon-conjugated covalent organic framework (COFs-
PDAN-AO) for efficient adsorption and detection of uranium from
radioactive wastewater. Their result showed that COFs have high
uranium adsorption capacity and can be potentially used for the
removal of the uranium ions from the radioactive wastewaters.
Also, they found that COFs-PDAN-AO well maintained structural
stability and may be used for the extraction of other contaminants
t00>>. Shang et al. reported the adsorption mechanisms of three
types of nanoplastics, including polyethylene terephthalate,
polyethylene, and nylon-6 on the COF (TpPa-X, X = CHs, H, NO,,
OH, and F) via the molecular dynamic (MD) simulations. They
found that TpPa-OH has the strongest adsorption sites for the
nanoplastics pollutants. In addition, their results reveal that the
COF-polymer at the atomic scale can be used for the development
of promising COF materials to deal with NP pollution®*. More
recently, Li et al. synthesized superhydrophobic sponges (spon-
ges@COFs) components at room temperature. Furthermore, the
practical application of the sponges@COFs was also evaluated for
the removal of oil suspension from industrial wastewater. The
results showed that the sponges@COFs have the ultra-high
adsorption capacity for various organic solvents and oil and also
could effectively remove oil from water and achieve rapid oil-
water separation®®. Chen et al. explored the self-standing 2D
sulfonate anionic COF membrane and found that it could be used
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as an absorbent for the removal of cationic organic contaminants
from the environment. They also showed that the COF membrane
maintains a rigid porous structure through high porosity that can
be employed for nanofiltration and organic pollutants separation
applications®®.

Besides, three-dimensional COFs with a diamond topology, as
a porous platform, synthesized by Wang et al.,, are used for the
removal of radioactive vapor wastes in the fission process. It was
found that three-dimensional COFs enable the removal of iodine
vapor through the formation of charge-transfer complex with the
pore’s walls®”. Wang et al. also investigated the class of cationic
COF, which is synthesized via an imine condensation reaction, for
efficient removal of hexafluoropropylene oxide trimer acid
(HFPO-TA) and hexafluoropropylene oxide dimer acid (GenX), as
environmental contaminants from aqueous solution. The results
revealed that cationic COFs with quaternary ammonium have a
high adsorption capacity for HFPO-TA (2.16 mmol g~ ') and GenX
(206 mmolg~"), which are more efficient than carbon and
conventional activated resins®2,

This work focuses on a biocompatible nanoparticle platform,
namely, the self-assembled COFs structure, and how this
nanostructure can be used as distinguished adsorbents to
remove dangerous phenol pollutants from the environment in
the presence of an electrical field. Therefore, in this study, via
classical MD simulation, we studied the interfacial adsorption
mechanisms of phenol pollutants on well-established COFs,
which show advantages in environmental friendliness. Depend-
ing on the molecular structure of COFs with the presence of
different electric fields, two interactions such as electrostatic
interaction and van der Waals (vdW) interaction are identified to
be responsible for the adsorption of phenol pollutants on COFs.
Furthermore, to determine the penetration of phenol on the
COFs nanostructure, a series of parameters such as the number of
hydrogen bonding, radius distribution function, and the diffusion
coefficient of phenol for three simulated systems are analyzed.
First, a discussion about the self-assembled COFs nanostructure
that can act as the adsorbent for removing pollution in the
absence of an electric field is provided. Next, the ability of this
nanostructure to exclude the pollutant by imposing an external
electric field supplied a basis for understanding how the EF will
affect the pollutant adsorption. It is found that when interacting
phenol with COFs, while the EF =0, the adsorption energy is the
highest while EF - 1 shows the lowest adsorption energy value.
The well-tempered metadynamics simulations are performed for
each system under zero-field conditions and then via an
imposing an external electric field to obtain free energy profiles.
The obtained results confirm the high potential of COFs as the
porous material for the solvation of the world’s threatening
pollution issues. Therefore, the capability to remove dangerous
phenol pollutants from the environment can be enhanced
through the predesigning of the molecular structure, which
provides a strong basis for the practical application of COFs as a
potential adsorbent. In summary, our objective in the present
study is to answer the following questions: (1) under what
conditions do these phenol molecules are removed from the
environment? (2) How does the electric field affect the adsorption
of phenol molecules on the COFs nanostructure? (3) Can the
COFs nanostructure be applied as the removal pollutant system
for industrial wastewater treatment?

RESULT AND DISCUSSION

MD simulation

According to the modeled substrate, the thickness of COF is about
10 A. Therefore, the adsorption area is divided into the internal
part (<10A) and the outside part (>10A) of the COFs. The
structures of COFs nano-channels and phenol molecules are
presented in Supplementary Fig. 1. Our simulations can be divided
into three setups (see Table 1): (a) COFs/phenol without EF; (b)
COFs/phenol under an applied EF of 0.5V nm~'; (c) COFs/phenol
with a presence of EF of 1V nm™". Snapshots of MD simulations,
which are presented in Fig. 1, show the final (105 ns) states of the
studied systems. It can be seen that at EF =0 and 0.5, the phenol
molecules are not only adsorbed on the substrate surface but also,
more importantly, can effectively infiltrate into the COFs, and also,
form stronger interactions with the atoms of the COFs nano-
channels. On the other hand, under the influence of an electric
field at 1 Vnm™', the adsorbate molecules practically cannot enter
into the cavities’ COFs, and they overlap together.

These preconceptions will be estimated via many informative
analyses as follow. The interaction energies between phenol
molecules and the substrate are averaged and provided in
Table 2. Besides, the averaged interaction energies for the last five
ns of each simulation system are also presented in Fig. 2. From the
viewpoint of the composition of the interaction energies, there’s no
doubt that both E, 4, and Eeec play a substantial role both E,4,, and
Eclec play the main role in the adsorption process, and also seen
with the increase of the electric field strengths, the interactions
decrease (Fig. 2). As shown in Table 2, the value of the COFs—phenol
(C-P) interaction energy decreases in the presence of the external
electrical field. At the same time, this reduction is more significant
for the electrical field of 1V nm~". This behavior is probably due to
the formation of m—m stacking interactions between the benzene
ring of phenol molecules that increase the molecule rigidity and
hinders their movement. In contrast, under zero and 0.5V nm~"' of
EF, the adsorbate molecules can penetrate into the channels of
COFs, and its OH functional group extensively interacts with N
atoms of the substrate; therefore, interaction energies considerably
increase.

These results can be better presented through calculations
relating to the mean squared displacement. Diffusion coefficient
(D)) acts as a quantitatively significant descriptor of MD and can
provide information about molecular diffusion. In this paper, the
diffusion coefficient is calculated using the “Einstein” relation?.

D = lim 1/6t[ri(t) - r(0)) m

The calculated self-diffusion coefficient (D,,) for phenol molecules
under different strengths of external electric fields of 0, 0.5, and
1.0Vnm~"is0.1172,0.0715, and 0.0155 (1e-5 cm? s ), respectively
(see Supplementary Fig. 2). As it is obvious from Supplementary Fig.
2, imposing the external electric field caused the D; of phenol
decrease. Indeed, the diffusion of adsorbate molecules on the
surface and inside channels of COFs decreases with increasing
the electrical field intensity. This phenomenon can be attributed to
the strong hydrogen bond (HB) between the phenol hydroxyl
group and water molecules in the presence of the strongest field, in
result shielding the interactions between adsorbate and the carrier.
These features can lead to the self-diffusivity and random

Table 1. Details of the simulation pattern.

Systems No. phenol No. water Box size (nm®) No. Na No. Cl
COF-Phenol-EF 0 50 4664 4x4x%x10 14 44
COF-Phenol-EF 1 50 4664 4x4x%x10 14 44
COF-Phenol-EF 0.5 50 4664 4%x4x%x10 14 44
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Fig. 1 The final snapshots of the phenol-COFs complexes under
different electrical fields. Water molecules and ions are not shown
for clarity.

Table 2. The electrostatic (Elec), van der Waals (vdW), and total
energies (in kJ mol™") between the phenol molecules and the COFs
nano-channel in various systems.

System Total van der Waals Elec

COF-Phenol-EF 0 —396.047 —215.391 —180.656
COF-Phenol-EF 1 —86.125 —37.569 —48.556
COF-Phenol-EF 0.5 —328.357 —176 —152.357

reorientation of phenol molecules within the solvent medium
(low D; value).

In addition, the molecular interactions can be examined via the
radial distribution functions (RDF) of adsorbate molecules at a
distance r from the adsorbent slabs*®. RDF (g(r) is calculated as
the following equation:

g(r) n(r)

© 2mrArp
where r (hnm) is the given distance from the atoms of the substrate,
n(r) is the time-averaged number of adsorbate molecules in the
area of r+ Ar, and p is the density of the system.

To explore the nature of interactions between the phenol
molecules and the COFs substrates, the RDF patterns between C-P
and phenol-water (p-w) are calculated, and obtained results are
presented in Fig. 3. As seen in this figure, the application of the
external electric fields reduced the maximum height of the RDF
peaks. In addition, as can be seen in the RDF pattern, this decrease
is much more for EF = 1, where the exact position of the peak
cannot be distinguished. In fact, when the electric field strength
equals 1.0Vnm~', no significant adsorption has happened.
Instead, it shows an obvious downward trend; therefore, the
probability of finding phenol molecules in short distances is close
to zero due to observed strong repulsion forces between the
adsorbate molecules and the substrate.

Interestingly, many other studies reported the same results and
confirmed that the external electric field could effectively weaken
such interactions. For example, Jiao et al. explored the interactions
of phenol molecules with graphene oxide*' surface. They
detected a hindering impact on the adsorption process as the
external electrical fields were implemented. Han et al. also showed
a weakening in the interactions as the electric field is imposed.
Besides, the strongest RDF peak at EF =0 is located at ~0.5 nm.
This result may be related to the comparatively strong interaction
between H atoms of the hydroxyl group in phenol and N atoms in
COFs nano-channel and the m-m hydrophobic interactions
between the aromatic rings of existing compounds.

These findings are confirmed by the final snapshots of the
adsorption structures (Fig. 1), where the obtained configuration is
consistent with the RDF curves. As evident in Fig. 3, the position of
the observed peak in the g,_,,(r) curves posed at 0.36 nm, and this

)
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Fig. 2 The interaction energy between phenol molecules and
COFs under an electrical field with different strengths and zero-
field. The error bars represent the standard deviations of the data.

position does not affect by the implementation of the various
magnitude of EF. A comparison of the g,_,(r) curves revealed that
the presence of EF can increase the p-w interaction and can lead
to higher distribution probabilities for water molecules around
phenol, which obviously prevent the interactions between the
phenol molecule and the substrate.

The formation of HBs plays an essential role in the exploration
of the stability of the resulting complex. Moreover, the extent of
electrostatic interactions is usually reflected in the number of HBs,
too. The identification and analysis of the H-bonding are based on
the calculation of pairwise interactions between donor and
acceptor atoms at less than 3.5 A distance and an angle cutoff
of 30°. Therefore, the number of HBs of phenol/COFs and phenol/
water are computed at any time step of the simulation. The
obtained HBs diagrams in systems with various EF are presented
in Fig. 4a, b, wherein it can be seen that there are significant
variations in the numbers of HBs formed under the various
strength of EFs. Moreover, the number of HBs between the COFs
rings and phenol molecules is remarkably reduced under electric
fields strength of 0.5 and 1.0V nm~". In contrast, the number of
H-bonds shows a monotonous increasing trend in the external EF
of zero (see in Fig. 4a).

Precisely speaking, when there is no external electric field, the
phenol molecules stay close to the COFs surface due to the HBs
interactions between the amine and hydroxyl groups of the COFs
surface and hydroxyl groups of phenol molecules. Moreover, -OH
functional groups of phenols are proved to play an essential role
in forming HBs. Also, the number of HBs formed by multiple
O—H---0 pairs of the coordinated water donors and the acceptor
hydroxyl group of phenols are investigated under the external
electric field with different strengths (Fig. 4b). Our results illustrate
that an enhancement in the number of H-bonds between the
phenol molecules and the COFs surface is dependent on a
reduction in the number of H-bonds between the water and
phenol molecules. It is essential to the reminder that there are
plenty of other articles that applied MD simulations for the study
of similar systems and their results are in good agreement
with our data*'=*3,

Metadynamics

The well-tempered metadynamics simulation is a method that
allows the acceleration of the rare events and the estimation of the
free energy surface (FES) to describe complex molecular systems*,
The metadynamics technique is used to calculate the FES as a
function of distances between the center of masses (COMs) of two
components based on methods proposed by Parrinello and Laio.
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Fig. 4 The number of hydrogen bonds against the simulation time. a Between COF and phenol. b Between phenol and water.

Metadynamics simulations are carried out for 105ns for all
investigated systems. We utilized these simulations to study the
dissociation and association events and the free-energy landscape
of the C-P complexes. It is worth mentioning that the simulation
was performed multiple times in the presence of the different
external EFs at 1, 0.5, and 0V nm~". Our obtained results confirm
that the electric field can be used to trigger the controlled release
of the phenol molecules from the COFs structure.

Obtained FES patterns as a function of the distance between
the COM of the phenol molecule and COFs are depicted in
Figs. 5-7. Free energy is set to zero for long distances between
COMs of COFs and the phenol molecule. It is worth mentioning
that, in free energy calculations, the COM of COFs is selected as a
corrective variable, and collective variable (CV) = —6 is related to
the left-hand part of COFs monolayers.

The FES pattern in Fig. 7 represents the phenol and carrier
complex in the presence of an EF with the strength of 0V nm™'
that has the highest free energy in its steady-state. The free
energy values of C-P complexes in the presence of the electric
fields equal to 1, 0.5, and 0V nm™" at their global minimums are
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Fig. 7 The free energy profile under zero electrical field condition.

about —264.68, —248.33, and —290.13 kJ mol~', respectively. A
decrease in the value of the free energy between phenol molecule
and COFs structure is observed by the increase of field strength up
to 0.5 and 1.0Vnm™', Figs. 5 and 6. This finding is also in
agreement with interaction energies in Table 2, where the values
become less negative, and interactions are a bit repulsive. The
decrease of the free energy values in the investigated systems
indicates that the EF acts as a motive force on the phenol release
from the nanocarrier.

In addition, the overall result, the COF nanocarrier is a good
candidate for adsorption of phenol molecules, as well; the
evaluation of the dynamic behavior in response to the application
of an external EF with different strengths shows that the
implemented EFs act as a motive force in the release of the
phenol molecule from the nanostructure.
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Fig. 8 Schematic representation of the formation of COF. Color
code: C, cyan; O, red; N, blue; H, white.

Fig. 9 The initial snapshot of the studied systems. Color code
COFs: cyan, phenol: gray, ions: green, and blue.

METHODS

MD simulations

The MD simulation is applied to investigate the potential of COF carrier as a
promising candidate for the remediation of phenol-contaminated waste-
water. The initial geometry of the COFs carrier is taken from our previous
work*, which is inspired by Mitra et al.'s work®,

The non-hydroxyl COFs nanostructure contains the linker units of
TpAPH monomers. It is noteworthy to mention that the TpAPH monomer
is synthesized via salt-mediated Schiff 1,3,5-triformylphloroglucinol (Tp)
and 4-aminobenzohydrazide (APH). Such COFs pores have a vdW
diameter of 27.08 A and are created based on the strong covalent
interactions. The schematic representation of the COF and its monomer is
shown in Fig. 8. The COFs structure is designed in four layers, including
776 atoms, which is made by using the GaussView software*’. Here, the
MD simulations are carried out using the software package GROMACS
(version 2019.2)*® with CHARMM 36 force field*°. A simulation box with
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the dimension of 4 x 4 x 10 nm3, containing a COFs nanocarrier at the
center and 50 phenol molecules, dissolved in 3795 TIP3P water model®®
with the salinity of 0.15M NaCl, mimicking the correct physiological
environment. The periodic boundary condition is also considered to
prevent the interaction of components with their neighbor cells. The
particle mesh Ewald method treats non-bonded electrostatic and
Lenard-Jones interactions with a 1.4 nm cutoff. The temperature and
pressure are maintained at 310K, and 1 bar by using the Nose-hoover
thermostat®® and Parrinello-Rahman barostat®?, respectively. The linear
constraint solver algorithm>3 is employed to constrain all the bonds in the
simulation at their equilibrium length. At first, to reduce any unfavorable
interactions, the simulation system is relaxed via energy minimization by
using the steepest descent algorithm>*. Finally, MD simulations are
performed for 105 ns with a time step of 1.5 fs. The initial snapshot of the
studied systems is shown in Fig. 9. The visual MD package is utilized for
visualizing the simulated products®. It is worthy of mentioning that, in
this study, to consider the impact of electrical field strength on the
adsorption of phenol by COFs the external electric fields with different
strengths are applied in the systems.

Metadynamics simulations

Well-tempered metadynamics simulation is explored to detect the FES as a
function of the set of CVs developed by Parrinello et al’®. The
metadynamics simulations are performed by PLUMED plug-in version
2.5.2%7 implemented in Gromacs 2018 package®. In the well-tempered
metadynamics algorithm the initial Gaussian height is 1.0 kJmol~', and
also the width is set to 0.25 A°, respectively, with a bias factor of 15, which
is deposited every 500 timesteps. It is worth noting that the metadynamics
simulations are applied for 105 ns for all investigated systems. Generally,
the metadynamics simulations depicted in this study provide a trustworthy
approximation of the free energy landscape of COFs/phenol systems.
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