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ABSTRACT: Molecular modeling can considerably speed up the discovery of materials with high adsorption capacity for wastewater
treatment. Despite considerable efforts in computational studies, the molecular modeling of adsorption processes has several limitations
in reproducing experimental conditions. Handling the environmental effects (solvent effects) and the temperature effects are part
of the important limitations in the literature. In this work, we address these two limitations using the adsorption of phenol onto
coronene as case study. In the proposed model, for the solvent effects, we used a hybrid solvation model, with n explicit water
molecules and implicit solvation. We increasingly used n = 1 to n = 12 explicit water molecules. To account for the temperature
effects, we evaluated the adsorption efficiency using the adsorption free energy for temperatures varying from 200 to 400 K. We
generated initial configurations using classical molecular dynamics, before further optimisation at the @B97XD/aug-cc-pVDZ level of
theory. Polarizable continuum solvation model (PCM) is used for the implicit solvation. The adsorption free energy is evaluated to be
—1.3kcal/mol at room temperature. It has been found that the adsorption free energy is more negative at low temperatures. Above

360 K, the adsorption free energy is found to be positive.

KEYWORDS: Adsorption, Adsorption free energy, Solvation, Temperature effects

1 Introduction

Research on wastewater treatment has received considerable at-
tention from both computational researchers and experimental-
ists. A Scopus (www.scopus . com) search using the keyword
“wastewater treatment” generates approximately 164132 docu-
ments which highlights the volume of work in this research field.
Adsorption is one technique used in wastewater treatment. The
aim of adsorption is to identify cheap and abundant materials to
adsorb pollutants. Up to now, most of the works performed on
the adsorption of pollutants are based on experimental investiga-
tions, which is desirable. However, experimental investigations
are slow and require considerable resources (both human and fi-
nancial). On the other hand, computational studies can save both
time and resources in identifying materials with high adsorption
capacity. Thus, a cheaper route in identifying suitable materials is
to use computational studies to identify potential materials with
high adsorption capacity, for further experimental investigation.
In prelude to experimental investigation, in this view, computa-
tional studies are performed to screen over a large number mate-
rials to identify the most important ones. This will then save both
experimental time and resources. The main challenge in compu-
tational studies is the realistic modeling of pollutant and the ad-
sorbent during the adsorption process. To be reliable, a molecular
modeling of adsorption processes has to be as close as possible to
the experimental conditions. Up to now, this remains the impor-
tant challenge of molecular modeling of adsorption processes.
Adsorption of phenol onto activated carbon has been reported

* E-mail: MalloumA @ufs.ac.za; Tel: +237 695 15 10 56

by Cam, Khu and Ha' using density functional theory (DFT). Im-
plicit solvation has been account for using the COSMO solvation
model. The activated carbon is represented by a bended surface
of graphene. The adsorption energy has been evaluated using the
electronic energy. The maximum adsorption energy is calculated
to be —25.8 kcal/mol ' . Himpola et al.* have reported the inves-
tigation of the adsorption of phenolic compounds onto different
models of graphene. The investigations were performed using
DFT, semi-empirical quantum mechanics, and Monte-Carlo sim-
ulations. The authors concluded that based on their investigations
there is no evidence of 7 --- & interactions during the adsorption
of phenolic compounds onto graphene. Adsorption of ethyl mer-
captan onto some models of activated carbon has been also in-
vestigated*. The authors used B3LYP/6-31++G(d,p) level of the-
ory, and calculated the adsorption energy using the electronic en-
ergy’. Furthermore, different models of activated carbons have
been used for the extraction of ibuprofen from wastewater*. The
investigations have been performed using grand canonical Monte
Carlo simulations. Zhou et al.” have reported the adsorption of
volatile organic compounds onto some models of activated car-
bon using DFT. The authors have not considered the solvation ef-
fects, and the adsorption energy is calculated using the electronic
energy’. Recently, adsorption of benzene onto different mod-
els of activated carbon is reported by Li et al.©. Four models of
activated carbon have been studied using grand canonical Monte
Carlo simulations®. Liu e al. ” investigated the adsorption of phe-
nol onto some pristine graphene molecules (also called activated
carbon) using DFT. The investigations have been performed at
the PW91/DNP level of theory. Different models of activated car-
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bons have been assessed: pristine, amine pristine, pyridine pris-
tine, and pyrrole pristine. The authors used the COSMO implicit
solvation model, to account for the environmental effects. The
adsorption energy is calculated using the electronic energy at 0 K.
The authors found that amine pristine has the highest parallel ad-
sorption energy (—13.4 kcal /mol), while pyridine pristine has the
highest side adsorption energy (—13.6 kcal /mol) .

The literature mining shows that computational modeling of
adsorption has two main limitations: handling of temperature and
solvent effects. As noted in previous works, almost all the authors
have calculated the adsorption energy using the electronic en-
ergy, which does not consider the temperature. Regarding the sol-
vent effects, either they are not considered or they are considered
through implicit solvation. Very recently, we assessed four solva-
tion schemes to study the adsorption of aniline onto coronene®.
The first scheme comprises the aniline and coronene in gas phase,
while the second scheme comprises the aniline and coronene in
implicit water solvent. The third scheme is constituted of ani-
line + coronene + six explicit water molecules, while the fourth
scheme is constituted of aniline + coronene + six explicit water
molecules all in implicit water solvent®. The results show that
the adsorption free energy calculated within the four schemes are
completely different, highlighting the importance of the choice of
the solvation scheme. Obviously, the fourth scheme is the most
reliable scheme due to its proximity with reality. In the fourth
scheme, the water molecules that are around the system (aniline +
coronene) are treated explicitly using quantum mechanics while
the remaining water molecules (that are “’far” from the system)
are considered as a dielectric medium. Thus, the fourth scheme is
both reliable and robust. However, in our previous work, we ran-
domly chose six water molecules for the explicit solvation®. As
stated in that work, the number of explicit water molecules can
influence the adsorption free energy. Therefore, we undertook
to investigate the effect of explicit water molecules for different
temperatures. For this investigation, we use phenol as pollutant
while coronene is used as adsorbent.

Phenol is an organic aromatic compound used in industries for
different synthesis. The excess phenol not used in the synthe-
sis is discharged in the environmental as a pollutant for water.
Similar to pharmaceutical drugs, phenol is one of the recalcitrant
pollutants. For the current case study of the solvent and tem-
perature effects on the adsorption of pollutants, we used phenol
as an example of pollutant. In addition, phenol is a relatively
small molecule, allowing easy computational tractability as com-
pared to some dye molecules, for example. On the other hand,
activated carbon derived from different organic material consti-
tute the most used adsorbent. Therefore, we used coronene (a
model of graphene) as adsorbent. This choice is also motivated
by the computational tractability of the generated systems (phe-
nol + coronene + water molecules).

2 Methodology

We start this section by presenting the model used to describe
the adsorption free energy (see subsection 2.1). Then, we ex-

plain how we performed the sampling of initial configurations of
complexes Coronene-PhOH(H,0),, and PhOH(H,0),,,n=1—12
(see subsection 2.2). Finally, we present the computational details
used in this work (see subsection 2.3).

2.1 Calculation of adsorption free energy

To take into account the effect of temperature, the adsorption
power of adsorption efficiency is calculated using the Gibbs free
energy instead of the electronic energy used in the majority of the
works. Throughout the manuscript, we will refer to Gibbs free
energy as free energy. In this work, to model the adsorption pro-
cess, we consider coronene as adsorbent and phenol as pollutant.
Thus, the adsorption free energy is calculated using Equation 1.

Aszs(T) = Gn(T) - GPhOH(HZO),, (T) - GCoronene(T)~ (D

Where
G"(T) =Y W(T) x G}(T), 2)
k

and

Wkn(T) _ exp(_ﬁGZ(T)) )

Yiexp(=BGi(T))

G}(T) is the free energy of the k —th isomer of Coronene-
PhOH(H,0),, at a given temperature 7. 8 = 1/KpT is the Boltz-
mann constant. W/'(T') is the weight of the k —th isomer of
Coronene-PhOH(H,0),, at T. The free energy Gppop (#,0),(T)
is also calculated the same way as G"(T), where Coronene-
PhOH(H,0),, are replaced by PhOH(H,0),,. Thus, both G"(T)
and Gppon(m,0),(T) are calculated using Boltzmann weighted
average. Gcoronene(T) is the free energy of coronene at temper-
ature 7. As only one configuration of coronene is available, the
free energy of coronene is not a Boltzmann average. A schematic
representation of the model used to compute the free energy is re-
ported in Figure 1. W/'(T') as well as G}(T') are calculated using
the program TEMPO”>'*,

As both coronene and phenol are in water, to model the en-
vironment of the system, we consider both explicit and implicit
solvation. The schematic representation of Figure | shows the
example with four explicit water molecules. For the explicit sol-
vation, we successively use n = 1 to 12 explicit water molecules.
Thus, the full system is constituted of coronene interacting with
phenol and n explicit water molecules, all in implicit water sol-
vent, Coronene-PhOH(H,0),. The adsorption free energy is
the binding energy between the coronene in implicit water and
PhOH(H,0), in implicit water. As can be seen later (in Figure 3
to Figure 7), the explicit water molecules preferably bind to phe-
nol. Thus, phenol and the n water molecules are considered to
form a single block in the present model. This is also in line with
reality, as phenol is already solvated by water molecules before
even we start the adsorption process.

3

2.2 Sampling of configurations

As implicitly indicated in Equation 3, there are several possi-
ble configurations of the complex Coronene-PhOH(H;0), and

2-10

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

17

172

3 Results and discussions

Water

Water

Fig. 1 Schematic representation of the model use in this work to compute the
adsorption free energy of phenol onto coronene. The example is provided for the
case of n = 4 explicit water molecule. The red surface represents the implicit
dielectric continuum medium.

PhOH(H,0),, for each given cluster size n. For accurate inves-
tigation, we need to generate all possible configurations of the
aforementioned systems. To sample all the possible configura-
tions, we used the ABCluster code of Zhang and Dolg''*. AB-
Cluster samples all possible configurations and classifies them
from the most stable to the least stable configuration based on a
classical energy. The classical energy used by ABCluster is con-
stituted of Lennard-Jones potential as well as electrostatic poten-
tial. The parameters used are based on CHARMM s force field .
Details on how the configurations are generated can be found in
our recent works "% In addition, the reader is advised to read
the original papers of Zhang and Dolg'"'? for more details on
ABCluster.

2.3 Computational details

After sampling initial configurations using ABCluster, the con-
figurations have been optimised using Gaussian 16 suite of pro-
grams'”. All optimisation are performed using the ®B97XD >’
functional of DFT associated to the aug-cc-pVDZ basis set”'. It
is worth mentioning that the functional @B97XD has been used
in our previous works to calculate the binding energies of molec-

ular clusters *>~>7. In those works, ®B97XD has shown good per-
formance when benchmarked to DLPNO-CCSD(T)/CBS level of
theory’*?’. For accurate optimisation, we used the tight option.
For integrals, ultrafine grid has been used for accuracy. Frequen-
cies calculations are performed at the same level of theory. The
frequencies are calculated to confirm the stability of the located
structures (checking the non existence of imaginary frequencies),
and to compute thermodynamics properties (especially the Gibbs
free energies). Implicit solvation has been taken into account us-
ing the integral equation formalism polarizable continuum model
(IEF-PCM).

3 Results and discussions

In this section, we first present the structures of the phenol-water
clusters, PhOH(H;0),, (see subsection 3.1). Then, we present
the located structures of the complex Coronene-PhOH(H,0),,, for
difference values of n = 1 — 12 (see subsection 3.2). With the
structures of PhnOH(H»0O),, and Coronene-PhOH(H;0),, in hand,
we finally calculated the adsorption free energy forn=1—12 and
for temperatures ranging from 200 to 400 K (see subsection 3.3).

3.1 Structures of PhnOH(H,O0),,

After thorough exploration of the potential energy surfaces
(PESs) of PhOH(H,0),, using ABCluster, the located structures
are optimised at the @B97XD/aug-cc-pVDZ level of theory. Only

g PW10_1

h PW12_1

Fig. 2 Located most stable structures of PhAOH(H,0),, n = 1 — 12, as optimised
at the @B97XD/aug-cc-pVDZ level of theory. The structures are optimised in
implicit water solvent using the PCM solvation model.
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the most stable structures are reported in Figure 2. Although we
reported only the most stable structures, for each cluster size, we
used the Boltzmann average free energy and not just the free en-
ergy of the most stable structure. It is worth noting that the struc-
tures of the phenol-water clusters (up to the octamer) have been
reported previously by some authors’*~*?. No global optimisa-
tion have been performed by the authors leading to local min-
ima which are not global minimum energy structures. Apart from
the phenol-water monomer and trimer, our reported most stable
structures are different from the ones reported in previous works.
This difference is most probably due to the fact that thorough ex-
ploration of PESs has not been performed in previous works. In
addition, the structures are optimised in this work in the solvent
phase, which could be another reason for the difference in the
located structures.

Examination of the structures shows that the most stable struc-
tures establish strong OH---O, weak CH---O hydrogen bond-
ings, and weak OH- - - bonding interaction. We noted that the
OH group of phenol in PhOH(H,0),, participates in the hydrogen
bond network the same way as the other explicit water molecules.
The results show that the structures of phenol-water clusters have
the same configuration as those of neutral water clusters®*—°.
However, in phenol-water clusters, the structures are folded due
to the interactions of the water molecules of the phenyl group of
phenol.

g CPW23 2.1 h CPW2.4

3.6

Fig. 3 Structures of Coronene-PhOH(H,0),, n = 1,2, as optimised at the
®B97XD/aug-cc-pVDZ level of theory. The structures are optimised in im-
plicit water solvent using the PCM solvation model. Numbers represent the rel-
ative electronic energies of the structures (in kcal/mol), and calculated at the
wB97XD/aug-cc-pVDZ level of theory.

3.2 Structures of Coronene-PhOH(H,0),

Before calculating the adsorption free energies, one needs the
structures of Coronene-PhOH(H,0), (CPW,,) for different val-
ues of n. We studied the structures of Coronene-PhOH(H,0),,
(CPW,)) for n =1 to n = 12. The optimised structures of the com-
plex for n =1 and n = 2 are reported in Figure 3. For both CPW,
and CPW,, four possible configurations are located on their po-
tential energy surfaces (PESs). In CPW1_1, the water molecule
acts as proton acceptor. In CPW2_1, there are two strong OH: - - O
hydrogen bondings, and one CH- - -O hydrogen bonding. It can
be seen in Figure 3 that the most stable structures of CPW; and
CPW; (CPWI1_.1 and CPW2_1) correspond to the most stable
structure of phenol-water monomer and dimer (PW1 and PW2_1
in Figure 2), respectively. Except for the coronene surface, the
configurations of the two systems are found to be identical. For
the CPW/, the configurations where the water molecule acts as a
proton donor are found to be the least stable configurations (see
CPW1_3 and CPW1 4 in Figure 3). For the CPW,, the least sta-
ble configuration located in this work has a cyclic configuration,
and lies 3.6 kcal/mol above the most stable structure.

k CPW3_11 43

j CPW3.10 3.1

Fig. 4 Structures of Coronene-PhOH(H,0)3 as optimised at the ®B97XD/aug-
cc-pVDZ level of theory. The structures are optimised in implicit water solvent
using the PCM solvation model. Numbers represent the relative electronic ener-
gies of the structures (in kcal /mol), and calculated at the ®B97XD/aug-cc-pVDZ
level of theory.
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3 Results and discussions

3.3 Adsorption free energy of phenol onto coronene

As far as the CPW3 structures are concerned, eleven stable con-
figurations have been located on its PES at the @B97XD/aug-cc-
pVDZ level of theory (reported in Figure 4). In addition, we
found that the relative energies of the located structures span
within 4.3kcal/mol. Examination of the configurations shows
that the most stable configurations have the phenyl group parallel
to coronene, while less stable structures have their phenyl group
perpendicular or non parallel to coronene. Furthermore, the most
stable structure of CPW3, CPW3_1, has cyclic configuration of
the phenol-OH and the water molecules. CPW3_1 is stabilised by
four strong OH- - - O hydrogen bondings, and three OH- - - & bond-
ing interactions (see Figure 4). The difference between the cyclic
configurations in CPW3_1-CPW3_10 comes from the number of
OH. - -  bonding interactions.

Thirty, twenty-six, and twenty-eight structures are located on
the PESs of CPW,4, CPW¢, and CPWg, respectively. The located
configurations are reported in Figure 5, Figure 6, and Figure 7,
respectively. In these figures, only the first twelve most stable
configurations are reported. The complete lists of the located
configurations of CPW,4, CPWg, and CPWjg are provided in the
supporting information attached to the manuscript. Relative en-
ergies (in kcal/mol) are also reported in the figures (both in the
manuscript and the supporting information). The results show
that the most stable structure of CPW4 has a cyclic configuration
constituted of the explicit water molecules (see Figure 5). The
corresponding phenol-water tetramer has a folded cyclic configu-
ration (see Figure 2). As can be seen in Figure 5, the first 08 most
stable structures have cyclic configuration of the phenol-OH and
the water molecules. This is due to fact that cyclic configura-
tions have strong OH---O hydrogen bondings. The less stable
configurations have less strong hydrogen bondings and smaller
recovery between the phenyl group and the coronene molecule.
The stability of the isomers is strongly affected by the recov-
ery/overlap between the phenyl group and coronene. The higher
the recovery, the higher the stability of the corresponding config-
uration. The recovery between the phenyl group and coronene
expresses the number of possible 7--- 7 interactions. This ob-
servation applies also to the structures of CPW¢ and CPWg. It
can be seen the supporting information that the less stable struc-
tures of CPW,4, CPWg, and CPWg have their phenyl group non-
parallel to coronene reducing the recovery, and thus reducing the
number of 7 --- 7 interactions. As far as CPWg and CPWg are
concerned, their most stable structures have cage-like configura-
tions in agreement with phenol-water clusters and neutral water
clusters*’~*!. Tt has been noted that the hydrogen bond networks
in CPW,, is almost the same as the hydrogen bond networks of
neutral water clusters **~*/.

For the Coronene-PhOH(H;0),,, n = 10 and n = 12, only the
most stable geometries generated by ABCluster have been op-
timised at the @B97XD/aug-cc-pVDZ level of theory. The opti-
mised most stable structures are reported in Figure 8. The located
structures have cage-like configurations same as the correspond-
ing phenol-water clusters, and neutral water clusters’’*0-*44¢
It has been found that the located structure of CPWy( has its

phenyl group parallel to coronene, enhancing therefore its sta-

bility. However, the phenyl group in CPW; is non-parallel to
coronene. A possible reason for the non-parallel is that the in-
crease of the number of explicit water molecules requires consid-
erable space, and do not permit phenyl to be parallel to coronene.
It should be noted that none of the first 20 most stable configura-
tions generated by ABCluster were parallel, whereas ABCluster
generally gives good indication for stability order.

3.3 Adsorption free energy of phenol onto coronene

With the structures of Coronene-PhOH(H,0),, and PhOH(H,0),,
in hand, we calculated the adsorption free energy and the adsorp-
tion enthalpy for temperature varying from 200 to 400K. We
plotted in Figure 9 the estimated adsorption free energy and en-
thalpy as function of the number of explicit water molecules #, at
room temperature.

It comes out from Figure 9 that the adsorption free energy as
well as the adsorption enthalpy at room temperature are slowly
varying with increasing value of n. This could indicate that
the estimated adsorption free energy and enthalpy, within the
present model, are independent from the number of explicit wa-
ter molecules. This remark is specific to the current system, and
it is understandable. In the current system (coronene + phenol),
only the OH group of phenol has close interaction with explicit
water molecules. The OH group can only establish one or two
strong hydrogen bondings with two water molecules. Therefore,
above n = 2, the water molecules are not interacting with the
system, and could be discarded. In conclusion, the number of
explicit water necessary in this model is the number of water
molecules enough to solvate the hydrophilic region of the sys-
tem. In the present work, one or two explicit water molecules are
enough. Averaging over the estimates, the adsorption free energy
and the adsorption enthalpy are evaluated at room temperature to
be —1.3kcal/mol and —14.3 kcal /mol, respectively.

To assess the effects of temperature of the calculated adsorp-
tion free energy and adsorption enthalpy, we calculated these en-
ergies for temperatures varying from 200 to 400 K. We reported
in Figure 10 the adsorption free energy and the adsorption en-
thalpy as function of temperature. The data used to plot Figure 10
as well as Figure 9 is provided in the supporting information. As
can be seen in Figure 10, the adsorption free energy is linearly in-
creasing with the increase of temperature. For all the values of n,
the adsorption free energy is positive above 360 K, highlighting
that the adsorption is not possible above this temperature. Thus,
the increase of temperature does not favour the adsorption pro-
cess, as the adsorption free energy is more negative at low tem-
peratures. As far as the adsorption enthalpy is concerned, we
have noted that the estimated values have negligible change with
the change of temperature (see Figure 10). Thus, the adsorption
enthalpy could be considered as temperature independent. The
linear variation of the adsorption free energy, and the constant
value of the adsorption enthalpy, indicate that the adsorption en-
tropy is constant. The slope of the curves depend only on the
adsorption entropy. Therefore, we conclude that the adsorption
free energy is entropically driven.

One may think that the small value of the adsorption free en-
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a CPW4.1 0.0

g CPW4.7 18

h CPW4.8 22 i CPW49 24

j CPW4.10 238

k CPW4_.11 28 1CPW4.12 28

Fig. 5 Twelve most stable structures of Coronene-PhOH(H,0)4 as optimised at the ®B97XD/aug-cc-pVDZ level of theory. The structures are optimised in implicit
water solvent using the PCM solvation model. Numbers represent the relative electronic energies of the structures (in kcal/mol), and calculated at the ®@B97XD/aug-cc-
pVDZ level of theory. The complete list of the optimised structures is provided in the supporting information.

ergy at room temperature (—1.3kcal/mol) could be due to the
failure of the proposed model. In fact, the small value of the
adsorption free energy indicates that coronene is not a suitable
material for the adsorption of phenol. This is perfectly under-
standable, as the only possible interaction between phenol and
coronene comes from weak 7 - - - ¥ bonding interactions. Adsorp-
tion of phenol onto a surface that can establish strong covalent
or non-covalent bonding with phenol would yield a more nega-
tive value of the adsorption free energy. The adsorption of phenol
onto pristine graphene has been reported by Liu et al.’. They cal-
culated the adsorption electronic energy to be —20.3 kcal /mol.
When one pristine carbon atom is doped by a nitrogen atom, the
adsorption electronic energy is found to be —21.3 kcal /mol. This
result clearly indicates the enhancement of the adsorption energy
when the surface can establish strong bondings with the pollu-
tant. Recently, Zhou et al. > have compared the adsorption of ace-

tone onto an activated carbon (graphene) and some metal oxide
surfaces. The authors found that the adsorption electronic en-
ergy using the activated carbon is evaluated to be —2.8 kcal /mol.
However, when the metal oxide surfaces are used, the adsorp-
tion electronic energy is evaluated to be —8.2 kcal/mol (MgO),
—14.7kcal /mol (ZnO) and —4.4 kcal /mol (CuO).

4 Conclusions

In this work, we assessed the effects of solvation and temperature
on the adsorption of phenol onto coronene. Although, phenol and
coronene are used in this study, the methods used in this work are
general and could be applied to any pollutant and any adsorbent.
To undertake the investigation, we proposed a methodological
approach to compute the adsorption free energy for temperature

1.9 i CPW69 24

j CPW6.10 2.7

k CPW6_11 3.0 1CPW6.12 3.0

Fig. 6 Twelve most stable structures of Coronene-PhOH(H;O)g as optimised at the ®B97XD/aug-cc-pVDZ level of theory. The structures are optimised in implicit
water solvent using the PCM solvation model. Numbers represent the relative electronic energies of the structures (in kcal/mol), and calculated at the @B97XD/aug-cc-
pVDZ level of theory. The complete list of the optimised structures is provided in the supporting information.
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Fig. 7 Twelve most stable structures of Coronene-PhOH(H,O)g as optimised at the ®B97XD/aug-cc-pVDZ level of theory. The structures are optimised in implicit
water solvent using the PCM solvation model. Numbers represent the relative electronic energies of the structures (in kcal/mol), and calculated at the @B97XD/aug-cc-
pVDZ level of theory. The complete list of the optimised structures is provided in the supporting information.

b CPW12

Fig. 8 Most stable structures of Coronene-PhOH(H;0),,, n = 10, and n = 12,
as optimised at the ®B97XD/aug-cc-pVDZ level of theory. The structures are
optimised in implicit water solvent using the PCM solvation model.

ranging from 200 to 400 K. The solvent effects are considered
through hybrid solvation model, where explicit water molecules
around the system are treated quantum mechanically, and the re-
maining water molecules are considered as a dielectric medium,
and treated using the PCM solvation model. We considered n = 1
to n = 12 explicit water molecules. The initial configurations
are generated using ABCluster, implementing classical molecu-
lar dynamics simulations. The generated configurations are opti-
mised at the @B97XD/aug-cc-pVDZ level of theory. One config-
uration comprises one coronene molecule, one phenol molecule
and n water molecules.

We have first presented the structures of Coronene-
PhOH(H,0),, (CPW,) before discussing the adsorption free en-
ergy. The results show that the structures of CPW,, are stabilised
by strong OH- - - O hydrogen bondings, weak CH--- O hydrogen
bondings, OH: - - & bonding interactions, and 7 - -- 7 stacking in-
teractions. It has been found that the higher the overlap between
the phenyl group and coronene, the higher the stability of the cor-

AGAds .
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Adsorption free energy (kcal/mol)
|
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1 2 3 4 5 6 7 8 9 10 11 12

Number of water molecules (n)

Fig. 9 Calculated adsorption free energy and enthalpy as function of the number
of explicit water molecule n at room temperature.

responding isomer. In addition, we noted that the configurations
formed by the water molecules is similar those of neutral water
clusters, and follow the same stability trend.

At room temperature, the adsorption free energy and the
adsorption enthalpy are evaluated to be —1.3kcal/mol and
—14.3kcal/mol, respectively. The results show that the num-
ber of explicit water molecules required in the model depends
on the hydrophilic region of the system. For the current sys-
tem (coronene + phenol), one to two explicit water molecules
are enough to estimate the adsorption free energy. In addition, it
has been found that the adsorption enthalpy is not varying with
increasing temperature. The adsorption free energy linearly in-
creases with the increase of temperature.
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This work is an attempt to address the effects of solvent and
temperature in the molecular modeling of adsorption. Despite the
conclusions drawn in this work, there are some limitations that
still need to be addressed in future works to maximally approach
experimental conditions.

Choice of DFT functional. Although the functional @B97XD
has been extensively benchmarked in previous studies in-
cluding ours, the functional has been chosen without con-
firmation of its reliability towards the studied system. For
accuracy, one should perform a benchmark study of several
DFT functionals to identify the most suitable one.

Implicit solvation. We have used the PCM solvation model.
For accuracy, SMD and COSMO solvation models should
be also assessed.

Modeling the material. Most of the cheap materials used in ex-
perimental studies for adsorption in wastewater treatment
are carbon-based materials. These materials are represented
usually by activated carbons. In this work, coronene is
used to represent the material. In order to approach the
experimental conditions, one should populate the surface
of coronene or a pristine molecule with active functional
groups identified experimentally.

Periodic boundary conditions. For accurate modeling of the
process, periodic boundary conditions should be considered
for the simulations.

Different pollutants. It would be more reliable to test differ-
ent pollutants, in the same study, to compare their predicted
adsorption free energies and their reported experimental ad-
sorption capacities. This study will serve as a benchmark to
the entire modeling of the adsorption process.
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