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Chlordecone (CLD) has been used as a pesticide for a long time to control the proliferation of various insects in tropical countries like
the French West Indies. CLD was included in 2009 in the list of persistent organic pollutants (POPs) by the Stockholm Convention,
prohibiting its production and use worldwide. Thus, its removal from water and soils is a sanitary emergency. With the purpose of
limiting impregnation of the population by chlordecone in Martinique and Guadeloupe, since 1999 production and drinking water
purification installations have been equipped with activated carbon filters without much knowledge on the adsorption mechanism of
these pollutants on activated carbons (AC) surface. This article reviews the available information about how functionalized activated

carbons can be used for improving the decontamination of polluted with CLD waters. The recent computational investigations about

the CLD interactions with functionalized AC by molecular modeling are well-reviewed, considering geometrical and energetic
features with the purpose of better understand the adsorption process. Finally, some aspects, trends, and perspectives on using
computational tools for understanding the adsorption of CLD on AC and designing more efficient AC are also discussed.
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INTRODUCTION

The development of agriculture has led to the parallel rise
worldwide of the use of pesticides, causing harmful effects on the
health of living organisms. These compounds are released into the
environment and can be dispersed between organic matter (in soil or
sediments) and water.'** Pesticides are used to control the proliferation
of pests in agricultural crops and products, to protect not only the
plants, also the animals and the humans.

Chlordecone (CLD, global formula C,,Cl1,,0), an
organochlorinated synthetic compound, was extensively used
around the world as a pesticide between 1951 and 1975.° But, due
to the persistence of CLD in natural environmental the presence and
distribution of CLD in waters, soils, sediments, the food chain, as
well as its risky consequences for the environment and human health,
have been studied by several authors in recent years.*!’

Between the 1960s and the 1990s, there was a large-scale increase
in the production of bananas in Guadeloupe and Martinique which
required the in-depth use of chlordecone, causing a diffusion of
the contamination by this pesticide in soils and surface waters in
agriculture zones.'® For that reason, the greatest ecological urgency
regarding this pesticide has been widely reported until nowadays.>!%-2¢
Therefore, there is currently an increasing social and political pressure
to encounter alternative sustainable processes that preferentially
adsorb and decompose chlordecone into non-polluting compounds.
In this sense, the drinking water plants production use activated
carbon filters with the objective of limiting the exposure by CLD to
the population of the French West Indies.”’

Regarding the adsorption of CLD in AC for the treatment of
contaminated water with this pesticide in Guadeloupe and Martinique,
there are two main reports to date. First, Durimel et al.,'"® studied
the use of activated carbons obtained from sugarcane bagasse, with
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different physicochemical properties, for the treatment of water
contaminated with CLD. As results, it was demonstrated that the
highest amounts of chlordecone can be adsorbed in acid AC, which
indicated a higher affinity of this pesticide for acid surface functional
groups of the studied activated carbons. While Rana et al.,”® modified
the surface of AC with nanoparticles of FeO to increase the adsorption
of CLD. However, the experimental procedures to evaluate the most
suitable adsorbent consume a lot of material resources and time due
to the high amount of different AC that to be tested.'®?*3 On the other
hand, “the adsorption process onto activated carbon is a very complex
phenomenon driven by multiple factors ranging from the chemical
composition to the texture properties of the AC. The influence of the
surface group content on the adsorption properties has been reported
and studied to a certain extent both theoretically and experimentally
for the porous carbons, mainly AC”.?” For this reason, and with the aim
of obtaining more efficient and specific adsorbents, computational and
theoretical chemistry play a crucial role in the design of more specific
and efficient adsorbents with modified surface groups. However, it
should be noted that, until nowadays, no work has been published
in the literature that summarizes the most significant advances in
the application of computational and theoretical methods with the
objective to better understanding the adsorption mechanism of CLD
onto functionalized AC.

This review aims to demonstrate how computational chemistry
has been used to characterize the interactions of CLD molecule
and acidic surface groups onto AC taking into consideration the
pH and hydration effect, with the intention of understand the
adsorption mechanics and to corroborate experimental results.
On the other hand, a computational methodology for evaluating
AC surface groups influence over the adsorption process of
CLD on AC is presented. It has been positively applied in the
characterization of the main interaction types for y and 3 isomers
of hexachlorocyclohexane, paracetamol and 'I-paracetamol
adsorption in analogous systems.?”!
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COMPUTATIONAL METHODS

Computational chemistry as a tool for understanding the
adsorption process of CLD onto AC

Some years ago, the techniques of computational and theoretical
chemistry were used only by experts extremely experienced in the use
of the tools they offer, which in most cases were difficult to understand
and apply. However, at present, advances in software have produced
programs that are more easily used by any chemist.

The use of computational chemistry allows reducing the delays
for developing and obtaining new products; optimizing existing
processes to improve energy efficiency and minimizing wastes. It also
allows the efficient design of new processes and products; improving
health, social welfare and environmental conditions; understanding
what is happening and predicting phenomena at nano and picoscales.
In this sense, computational chemistry plays an important role in
understanding the adsorption process of CLD onto functionalized
AC under different pH and hydrated conditions and for the design
of specific modifications that guarantee the production of more
efficient and specific adsorbents for removing chlordecone from
water, improving the AC selection process.

A computational approach for studying interactions of
pollutants with surface groups of AC

For the evaluation of the adsorption energies of the guest
molecules in carbon-based material models, computational methods
have been widely used. However, the description of interactions
between adsorbant and AC surfaces still represents a challenge for
the scientific community using current theoretical techniques.”’

Concerning that, a general computational methodology has been
proposed by the authors that consist in two main steps.?3!3? First,
the Multiple Minima Hypersurface methodology (MMH) is used
to explore the configurational space of the CLD interactions with
the selected acid surface groups onto activated carbon. Afterwards,
distinctive minima structures are selected that represent the possible
types of interaction in the systems under study. The condition, for the
geometrically representative structures selection is based on general
chemical knowledge, in view of the structures of global minimums
and local minimums, close to latter. Second, the selected distinctive
minima structures obtained from MMH are re-calculated using the
Density Functional Theory (DFT), for obtaining an optimal quality
electronic geometry and structure that permit characterize the nature
of present interactions in the systems under study: SG/CLD (surface
groups of AC interacting with CLD) and SG/CLD/(H,0),_, 5 (surface
groups of AC interacting with CLD and one or more water molecules).
Finally, the Quantum Theory of Atoms in Molecules (QTAIM), is
used in order to more accurately describe the nature of the interactions
present in the systems under study. Recently, molecular modeling
studies of chlordecone interactions with activated carbons surface
functional groups have been published using this methodology.?*3

MMH procedure “combines quantum mechanical methods
for the calculations of energy with statistical mechanics to obtain
thermodynamic parameters related to the molecular association process.
This methodology is a very helpful and reliable approach for localizing
the minima of weakly interacting systems and, for that reason, it has
been successfully employed in several studies”.?* In fact, Durimel
et al.'®" and Enriquez-Victorero et al.,”” have published theoretical
results of chlordecone and B-hexachlorocyclohexane interactions with
activated carbons surface functional groups using MMH methodology.
The specific modifications and the main procedure of this approach
has been described in details in previous works.?’3!:3233
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In standard MMH procedure, the solute is situated in the center
of a cubic box with a specific dimension (depending on system under
study). Then, the system generates solvent molecules in several
random configurations. Through this procedure, the space region for
generated solvent molecules cannot be restricted. For that reason, the
standard MMH methodology was modified that one may implement
a geometric restriction in cells generation. This geometric restriction
is a useful tool to avoid wasting computational resources exploring
space zones with no particular interest or those corresponding with
physically unrealistic representations of the systems.*

On the other hand, three thermodynamic properties, association
energy (AE,ss0c), association entropy (AS 4ss0c), and Helmholtz free
energy (AA ,ssoc) can be calculated by MMH procedure. However,
the association energy was used for evaluating the stability of the
systems under study. It is defined as AE,s0c = Epemotecute = Ever »
where E,,,,..o0qu. 18 the energy of formed molecular complex by the
activated carbon model (with and without SGs) and the interacting
in the studied system molecules (in this case: CLD and water) and
E,is the energy of the isolate molecules. When the stability of the
supermolecules are greater than the isolated molecules it implies an
agreeable thermodynamic association. In view of that, the molecular
energy is negative, then AE, - will be negative, thus, a major
absolute value of AE s is in correspondence to more energetically
favorable association.

Generally, MMH methodology is based on semiempirical
methods. Taking into account that, the semiempirical Hamiltonian
PM73¢ enhances the description of dispersive interactions and
hydrogen bonds, compared to preceding semiempirical procedures,’’
it was selected for the optimization of the geometries under study, as
implemented in MOPAC2012 (used by Gamboa-Carballo ef al.)***
and MOPAC2016 (used by Melchor-Rodriguez et al.)*** programs. In
all calculations the eigenvector-following routine “EF” for searching
minima was used.

Since, DFT has posed itself as one of the most popular and
versatile methods available for the study of electronic structure
of innumerable systems, it was used for the re-optimization of the
geometries of the systems under study obtained by MMH procedure.
This is the second step of the computational methodology. The
basic idea of DFT is that “the energy of an electronic system can be
written in terms of the electron probability density, p. For a system
of N electrons, p(r) denotes the total electron density at a particular
point in space. The electronic energy E is treated as a functional of
the electron density, in the sense that for a given function p(r), there
is a single corresponding energy”.*

DFT has become the dominant procedure with several advantages
and it presents an encouraging option to high-level correlated ab
initio theories. However, the selection of the functional that can
properly describe your system is essential, in order to obtain good
results. Therefore, it is recommended as a good practice to do a
previous search using the scientific literature for calculation on similar
systems and properties and to select the best functional that has been
previously well tested. Taking into account that, two DFT functionals
have been used for study CLD interaction with AC surface groups.
Gamboa-Carballo er al.,* used Becke’s three parameter hybrid
method using the correlation functional of Lee, Yang and Parr with the
Coulomb-attenuating long-range correction CAM-B3LYP,**? and the
Pople’s basis set 6-31+G(d,p). They used this functional for evaluating
the interactions of CLD and acidic AC surface groups at acidic and
neutral pH. However, seeing the accuracy of Minnesota functionals,
Melchor-Rodriguez et al.,* employed the M06-2X functional®
for the optimization of specific geometries and for evaluating the
interactions of chlordecone hydrate (CLDh) with AC acidic surface
groups at basic pH. The basis set for M06-2X functional was the
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same as that used for CAM-B3LYP. M06-2X has been reported as
the best functional for a combination of main-group thermochemistry,
kinetics, and noncovalent interactions.** M06-2X is “parametrized
only for nonmetals, for calculating the relative conformer energies
and geometric structures of anionic systems that potentially contain
important contributions from dispersion interactions”, that is the case
of CLD-AC systems. Also, it had been demonstrating that “M06-2X
gives a best performance in charge transfer complexes that have long
been recognized as a difficulty for density functionals”.*

In a view that, there is not an objective of the present review
to more accurately explain the theoretical description, advantages
and disadvantages of both functionals described here, more
information can be found in specialized literature.*-* However,
the selected keywords of DFT input files are presented: 1)
EmpiricalDispersion=GD3: a method correction to better describe
non-covalent interactions; 2) Opt= (CalcAll, Cartesian): optimize
the structures minimizing them with a quadratic convergence
(Newton specification) and using Cartesian coordinates (Cartesian
specification), both specifications make the calculations safer; 3)
Int=UltraFine: utilized to increase the numerical accuracy, even
though it is more expensive; 4) NoSym: this indicates that the
symmetry of the geometry will not be used, nor that the electrons,
in order to accelerate the calculations and make it more reliable
and, 5) SCF=QC: to close the Self-Consistent Field (SCF) when
the structures do not converge. Computational calculations have
been performed using Wahoo, the cluster of the Centre Commun de
Calcul Intensif of the Université des Antilles, Guadeloupe, France.

Finally, the electronic density is re-optimized using the Pople
basic set 6-311++G(2df,2pd), as implemented in Gaussian 09,% in
order to achieve a better description of studied interactions. After that,
the distinctive minima structures and their electronic configurations
were analyzed by QTAIM? for characterizing the nature of chemical
bonds and interactions that take place during the adsorption process.
QTAIM permits to characterize electron density topology and its
Laplacian at bond critical points (BCPs). It also helps to describe
and classify intermolecular interactions from weak to strong, using
different accepted criteria. In this case, the Nakanishi’s criteria
were used.’*? These calculations were made using the Multiwfn
3.6 program.

Summarizing, the first and the most important step to qualitatively
describe the association of the pollutant with activated carbon surface
groups is the use of MMH methodology. This methodology was used
to explore the energy hypersurface using a semiempirical Hamiltonian
(PM7) and subsequently find stationary points of minimum energy
which significantly contribute to the thermodynamic properties
of the system. From the full set of minima structures obtained by
MMH methodology, it was selected a set of structures that represent
distinctive interactions. Then, a DFT re-optimization was performed
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in order to obtain a better representation of the electron density to
characterize the nature of the molecular interactions using QTAIM.

RESULTS AND DISCUSSION

Recent computational results of chlordecone interactions with
activated carbons acidic surface functional groups

Theoretical models that can properly describe the AC constitution,
morphology and topology generally tend to be more computationally
expensive. For that reason, simplest molecular structures such as:
polycycles and their oxidized derivatives, are frequently employed
as models of carbon based materials.>** Indeed, naphthalene,?”>-
coronene,* 35550 and their oxidized derivatives have been frequently
used in theoretical studies that characterize and evaluate interactions
of different molecules with these materials.

According to that, and with the aim to center the attention on
the influence of AC acidic surface groups on adsorption process
of CLD, the molecule of coronene, with and without a functional
group attached to the edge, was used as activated carbon model.
It can be seen in Figure 1, that graphene structure provides the
aromatic character to the models, while the SGs at the edges of AC
define the acidic or basic properties of activated carbon. As acidic
surface groups, carboxylic acid (COOH) and hydroxyl (OH) groups,
directly attached to sp? carbons were selected, since both are the most
commonly abundant oxygenated SGs found on AC surface.®'** To
consider different pH conditions, deprotonated models with COO" and
O were also studied. The coronene alone was used as a reference.
The water molecules were included to evaluate the explicit solvent
effect in the adsorption process. This AC models were employed by
Gamboa-Carballo et al.,*> and Melchor-Rodriguez et al.,*® when they
studied the interaction of CLD and CLDh with functionalized AC
at acidic, neutral and basic conditions. From their side, Hernandez-
Valdés er al.,’ used it for evaluating the interactions of paracetamol
and '"»I-paracetamol with AC surface groups f. However, Enriquez-
Victorero et al.,”” published a theoretical study of y- and B-HCH
isomers interaction with AC surface groups, using the molecule of
naphthalene as AC model.

On the other hand, two computational models of CLD have
been designed, the molecule of CLD and the molecule of CLDh,
considering that at pH value greater than 9, chlordecone is found in its
gem-diol form (C,(H,Cl,,0,, chlordecone hydrate, Figure 2), formed
by substitution of carbonyl function with two hydroxyl groups.*

Following the computational procedure described here, it
was stablished that the CLD-CLD intermolecular interactions
are moderate, taking into consideration the values of association
energy obtained by MMH methodology. Moreover, the studies
concerning CLD interaction with the acidic surface groups of ACs
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Figure 1. Activated carbon computational models: (a) coronene; the surface groups attached to the edge of AC: (b) coronene with carboxylic group (COOH)

and (c) coronene with hydroxyl group (OH); and the chemical modifications of the surface groups: (d) coronene with deprotonated carboxylic group (COO")

and (e) coronene and deprotonated hydroxyl group (O)
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Figure 2. Chlordecone computational models: (a) chlordecone and (b) chlor-
decone hydrate

by Gamboa-Carballo et al.,* suggested a “little dependence of the
association energy with the SG composition at low pH conditions
(pH <5), where COOH and OH SGs remain mostly in neutral forms.
However, at pH =~ 5-7, which is most likely the case for drinking water,
an estimation gives a deprotonation of OH surface groups lower than
3%, while only COOH groups are deprotonated to a considerable
extent (*90%)”.%° Considering that, we can affirm that carboxylic SGs
are the highest contributors to improve chlordecone adsorption onto
activated carbon at slightly acidic or neutral pH conditions. These
findings explain the experimental results obtained by Durimel ez al.,'®
where the activated carbon with the highest amount of carboxylic
surface groups resulted the best for chlordecone adsorption in water.
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Nonetheless, at pH > 9 the interaction of chlordecone hydrate with
COO-and O~ SGs is lower compare to pH ~ 5-7.%

Generally, comparing the AE,qsoc values of the systems
under study in presence of CLD with the AE,ssoc values of the
activated carbon model with water molecules alone, the first one
are considerably lower than the second one. Furthermore, the
systems SG/CLD and SG/CLDh are considerably more stable than
SG/CLD/(H,0),.,; SG/CLDh/(H,0),_, ; systems, although these were
still energetically favored (See Table 1). This demeanor confirms
that, if a chlordecone or CLDh molecules are associated with SGs,
the water cannot compete for the adsorption sites and neither easily
displace the adsorbed pesticide onto the functionalized AC. In this
sense, it is important to remind that, in real systems, chlordecone is the
molecule that can be found in higher concentration compare to CLDh.
Also it is much diluted than CLD, for that reason, the adsorption
constant of chlordecone hydrate will be displaced due to this fact.

Taking into consideration the association energies values,
the affinity order of water molecules and SG was found to be
COO~ > O~ > COOH > OH > coronene.’>* On the other hand,
COO, O and COOH surface groups are been saturated when one
molecule of water is added to the systems. However, to saturate OH
surface group and coronene molecule two or three water molecules
are required.

Three distinctive interaction types were obtained as result of
MMH calculations (See Figure 3). The first interaction type was

Table 1. Mean association energy per water molecules (AE,ssoc) for the systems SG/(H,0),_, 5, SG/CLD/(H,0),_,5 and SG/CLDh/(H,0),_,; values are given

in kJ mol!'. MMH/PM7

SG/(H;0),-15

SG/CLD/(H,0),-.

SG/CLDh/(H,0),.,.

SG\n
1 2 3 0 1 2 3 0 1 2 3
Cor® -9.0 -124 -12.9 —68.4 -49.9 -38.3 -33.3 -70.1 -51.3 —40.8 -38.3
COOH -23.8 -16.6 -15.7 -74.8 -51.0 -38.8 -35.2
COO- -57.2 —45.3 —40.5 -123.6 -76.2 —64.1 -52.9 -144.7 -90.2 -69.7 -57.8
OH -11.9 -14.9 -16.0 —69.6 -49.0 -36.7 -36.2
O -34.7 -30.9 -29.7 -86.4 -61.2 -50.7 —48.6 -108.6 -70.7 -58.2 —47.8
* The molecule of Coronene without functional groups, used as reference.
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Figure 3. Three distinctive interaction types of CLD with protonated and deprotonated COOH and OH acidic surface groups onto AC. a) Cl---n-cloud interac-
tion; b) O~--CO interaction and c¢) C-OH---O" interaction. Note in d) how water molecules network is between CLD and SGs. MMH/PM7
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predominant and it was observed between the chlorine atoms of CLD
and chlordecone hydrate with the m-cloud of coronene, indicating a
relatively weak interaction (Figure 3a). The bonding distance was
in the range of 2.3 and 3.0 A, suggesting van der Waals interactions
between Cl atoms of CLD and CLDh and the planar configuration of
coronene molecule. In fact, Gamboa-Carballo et al.,’*> and Melchor-
Rodriguez et al.,” reported as results of QTAIM evaluation that the
dispersive interactions are mainly due van der Waals forces between
chlorine atoms of pesticide and the graphitic surface in AC (see
Figure 4a and Table 2).

As a second interaction type, a donor-acceptor interaction can
be described between the negatively charged oxygen of surface
groups (COO~ and O°) and electronically deficient carbonyl carbon
of chlordecone: O~--CO (Figure 3b). We have underline that this
interaction has not been previously described and it was observed
only at slightly acidic and neutral pH conditions. One of the most
interesting finding of Gamboa-Caraballo et al.,* is the fact that this
second interaction type is only present in charged systems. In that
work, “the bonding distance between the charged oxygen of the SG
and the carbonylic carbon of the CLD was in the range between
1.5 and 1.6 A as results of MMH calculations. However, QTAIM
calculations showed a few structures with O~--CO interactions with
weak to strong covalent bonds (See Figure 4b and Table 2). This result
ratifies the idea of chemical sorption at slightly acidic and neutral
pH conditions and reinforced the experimental results obtained by
Durimel et al.,"® through a temperature-programmed desorption
studies showing that carboxylic groups at AC surface plays a major
role for CLD adsorption”.®

The third interaction type consists on an electrostatic interaction
between the di-alcohol group of CLDh molecule and the negatively
charged oxygen of SGs, represented as C—OH:--O~ (Figure 3c).
QTAIM results confirmed this kind of interaction as seen on Figure 4¢
and Table 2. We have to point out that this interaction was found only
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at vacuum, it means in absence of water molecules. For that reason,
are will not discuss it profusely here. More information about it can
be founded in the recent publication of Melchor-Rodriguez ef al.?

It is important to say that the formation of H-bonds and H-bond
clusters of water molecules, when one or two molecules of water
are close to the interaction site, has be also described through
C—OH---OH, hydrogen bonds (Figure 3d). On the other hand,
concerning the aromaticity of activated carbon, two main effects
have been perceived in the systems under study: 1) interactions
that involve delocalized electrons of the aromatic model and, 2)
the electron density stabilization was in the negatively charged SGs
(COO and O).

The DFT optimization of selected structures using CAM B3LYP/6
31+G(d,p)*' and M06-2X functional,*® showed in most of the cases
that the structures conserved their geometry and the interaction type.
However, some differences for the interactions Cl---wt-cloud were
observed: while for MMH methodology with PM7 semiempirical
Hamiltonian the mean interaction distances were about 2.7 A, while
DFT re-optimizations result in an average of 3.6 A. Then, it can be
assumed that PM7 overestimates this kind of dispersive interactions.
However, this brings an improvement in the description of other
molecular properties, qualitatively describing the complexes in terms
of interactions types.*

Taking into account the AE, 4, of the SG/CLD/(H,0),_, ; and
the SG/CLDh/(H,0),_, ; systems, it was confirmed that there is no
significant difference between obtained values of AE g at acidic,
neutral and basic pH.>>3 Once again, this behavior is in agreement
with practical evidences reported by Durimel er al.,'® through
adsorption isotherms, confirming that the best pH for chlordecone
adsorption on activated carbons with acidic SGs ranges between 5
and 9.

Summing up, at acid pH where COOH and OH remain mostly
in neutral forms, a very small dependence of chlordecone adsorption

Figure 4. Interactions and bond paths obtained by QTAIM for distinctive minima structures for the systems with interactions of the type: (a) Cl---n-cloud;

(b) O~-CO and (c) C-OH--O~

Table 2. Interatomic distances (d), electron density (BCP), Laplacian of electron density (V?pycp), total energy density (Hyqp), potential-kinetic energy density
ratio (Vep/Gyep) and ellipticity of the electron density (€) at the BCPs for the systems with interactions of the type: Cl---w-cloud, O~--CO and C-OH:--O~

Interaction

System number Atoms® d(A) Pacp (a.0.) Vpyep (@0)  Hyep (a.u) Vice/Gecr € Type®
1 C--Cl 3.61 0.0042 0.0136 0.0008 -0.7000 1.01 vdW
O/CLD 2 C--Cl 3.59 0.0045 0.0147 0.0008 -0.7102 1.92 vdW
3 C--Cl 3.27 0.0084 0.0247 0.0012 -0.7575 0.35 vdW
1 O---C 1.63 0.1599 -0.0989 -0.1141 -2.2768 0.05 Cov-w
COO/CLD
2 O--C 2.83 0.0134 0.0487 0.0017 -0.8339 1.98 vdW
COO/CLDh 6 H--O 1.01 0.2328 1.2948 0.4084 5.8222 0.01 Cov-s

2 Atoms in the right side of the column correspond to AC model or water molecules, and atoms in the left side are of CLD. ® Interaction types: vdW: van der
Waals dispersive interactions; Cov-w: weak covalent interactions; and Cov-s: strong covalent interactions.
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process on surface groups was observed. However, “at pH ~ 5-7,
a rough estimation gives a deprotonation of OH surface groups
lower than 3 %, while only COOH groups are deprotonated to a
considerable extent, around 90 %”.%° Then, it can be concluded that
carboxylic SGs will be main contributors to improve the adsorption of
chlordecone onto activated carbons at slightly acidic and neutral pH,
as demonstrated theoretical calculations,*” confirming experimental
facts.'® These results suggested the possibility of chemisorption
of chlordecone on charged surface groups, mainly for COO~ at
neutral pH. However, at pH > 9 “both functional groups are totally
deprotonated and the CLD form CLD hydrate”. Therefore, from
theoretical results obtained by Melchor-Rodriguez ef al.,** we can
summarize that “the interaction of CLDh with the acidic surface
groups is favored through a dispersive and electrostatic interactions.
The dispersive interactions are governed by van der Waals interactions
of chlorine atoms of CLDh with the graphitic surface and electrostatic
interactions by H-bonding interactions of CLDh with SGs on AC in
presence of water molecules. Finally, at pH > 12 it is suggested that
the adsorption of CLD decreases again because repulsion interactions
are being expected between the deprotonated CLD hydrate and the
deprotonated acidic surface groups as well. Considering that, the
mechanism of adsorption of CLD on acidic activated carbons at a
range of pH= 5-7 occurs by chemisorption and physisorption and at
basic pH conditions by physisorption” (See Figure 5).

These results, together with the ongoing research to evaluate the
role of basic groups in adsorption process, will allow deciding what
are the best SGs for selecting the more adequate commercial ACs,
or for an efficient synthesis of new ACs for the CLD removal from
polluted waters.

Trends and perspectives

The MMH procedure has been employed for better understanding
the adsorption process of chlordecone,** but also of y and
B-hexachlorocyclohexane!*?” onto functionalized activated carbon
with acidic surface groups (COOH and OH). For that reason, it is
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suggested that the proposed computational methodology might be
effective to design more specific activated carbons for sorption of
pesticides and others persistent organic pollutants. The use of MMH
procedure allows to explore the potential interaction sites of activated
carbons SGs with water molecules and the target pollutant molecule
and also to calculate the thermodynamic properties of interacting
system.

The use of DFT and QTAIM methods bring to us a more accurate
characterization of the nature of intermolecular interactions during
the adsorption process. But, the selection of calculation level,
specifically the adequate selection of semiempirical Hamiltonian
and of DFT functional, is always a task that demands expertise and
intense search in the literature to find the procedure that furnishes
the best results for each specific system. In this sense, M05, M06
and M08 Minnesota functionals,”® which have been tested lately for
noncovalent interactions, appear to be promising for calculations of
interactions between organochlorine compounds and functionalized
activated carbon.

On the other hand, inter and intra molecular interactions play
an important role in determining the structure and conformation of
different compounds and complexes. As shown, QTAIM has been
used for characterizing the interaction types. At the same time, several
theoretical approaches permit today to explain the nature of molecular
interactions in adsorption processes. Among the computational
methods used nowadays, NBO is one of the most popular approaches
that have been extensively used.

The methodology discussed in this review will allow evaluating
the influence of different surface groups on the adsorption of other
organochlorine pesticides onto activated carbons, such as chlordane,
dicofol, dieldrin, endosulfan, heptachlor, hexachlorobenzene, mirex
and toxaphenes, that considerably affect the environmental and
human health around the world. Besides, it could be extended to small
organic molecules in order to design more efficient activated carbons
for the removal of any particular compound, i.e drugs. In this sense,
we have to focus on finding the best surface groups and operational
conditions that enhance the adsorption process. It will be important
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Figure 5. Relationship between experimental data by Durimel et al.’® and theoretical results by Gamboa-Carballo et al.’?> and Melchor-Rodriguez et al.’* The

red line represent the influence of pH solution on total CLD adsorption capacity (qgmax) of BagP0.5 that is an AC chemically obtained from sugar cane bagasse
with COOH as surface group. Reprinted with permission from Melchor-Rodriguez, K.; Gamboa-Carballo, J. J.; Ferino-Pérez, A.; Passe-Coutrin, N.; Gaspard,

S.; Jdauregui-Haza, U. J. (2018) Theoretical study on the interactions between chlordecone hydrate and acidic surface groups of activated carbon under basic

pH conditions.” Copyright 2018 Elsevier
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to study the role of basic surfaces groups, because to date there is no
any known molecular modeling study with them.

The use of other computational approaches to study molecular
interactions could be important for future studies for the better
understanding of adsorption process of small organic compounds
onto functionalized AC or others compounds that can act as sorbents.
Further computational approaches to study molecular interactions
between pollutants and surface groups of activated carbons, like the
electron localization function (ELF), charge decomposition analysis
(CDA) and energy decomposition analysis (EDA) will be important
for developing more efficient ACs. They could bring us the possibility
of doing better characterization of molecular interactions and closer
to quantitative elucidation of electronic structures.

Considering that chlordecone is found in the environment along
with other pesticides and other inorganic or organic contaminants,
the competitive adsorption between them will have to be studied. We
have to underline that in real systems CLD is very diluted and, then,
it has to compete also with water and several other molecules for the
surface groups of activated carbon during the removal process. In this
regard, neither experimental or theoretical work has been published.
This requires the use of other procedures such as ab initio molecular
dynamics or hybrid methods i.e. quantum mechanics/molecular
mechanics (QM/MM) simulations. In fact, recent investigations
applied the molecular dynamics in order to study the removal form
water of pharmaceuticals, persistent organic pollutants or simply
organic compounds by adsorption onto AC.53%*

Finally, another challenge will be to carry out more complex
modeling studies, where in addition to the chemical nature of the
SGs, the morphology and topology of the activated carbons are taken
into account. Indeed, Huang er al.,* showed that “the construction
of large-scale atomistic representations of activated carbon aids
the exploration of structure-property relationships. Fringe3D and
Vol3D perl script in conjunction with Materials Studio were used
to facilitate the construction process. The proposed computational
protocol offered a highly efficient approach for constructing
largescale atomic representations without high computational cost.
This modeling protocol resulted in greater experimental conformity,
improved accuracy, and structural diversity. Evaluation of the
physical parameter showed good agreement with experimental
characterizations such as porosity, elemental composition, oxygen
functionality, and pore size distribution”.

CONCLUSIONS

Computational chemistry is as powerful tool to complement
experimental research in the field of pollutants adsorption. The
versatility and accuracy of computational chemistry to explain
and predict intermolecular interactions and molecular properties
between adsorbants and adsorbents is a valuable, economic and
fast enough approach to study complex molecular systems. The
developed procedure that combines the semiempirical Multiple
Minima Hypersurface methodology with Density Functional Theory
allowed a better understanding the interaction of chlordecone with
acid surface groups of activated carbons. As next step, a clear focus
has to be set on investigating the influence of different surface
groups (like basic ones); other more complex models of activated
carbons that take into account not only surface chemistry but also
pore morphology and topology; and the competitive adsorption of
other pollutants on chlordecone adsorption onto activated carbons.
The synergy between experiment and theory is essential to aid in the
development process of new and more efficient activated carbons for
the purification of waters contaminated with chlordecone and other
persistent organic compounds. The characterization of molecular

Quim. Nova

interactions and the operational conditions (pH and solvation) in the
context of competitive adsorption using computational chemistry will
be of high importance in the near future. Despite the fact that most
of this is nowadays possible, the development of new or improved
methods, together with the increasing of computational power will
make the use of computational chemistry more valuable to understand
the chlordecone and other pesticides adsorption processes and also
assist in the optimization and development of new activated carbons
that can be more effective to water decontamination.
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