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Abstract: In our current investigation, we employed a B12N12 nanocage to extract paracetamol from
water utilizing a DFT approach. We explored three distinct positions of paracetamol concerning its
interaction with the B12N12 nanocage, designated as complex-1 (BNP-1), complex-2 (BNP-2), and
complex-3 (BNP-3), under both aqueous and gaseous conditions. The optimized bond distances
exhibited strong interactions between the nanocage and the paracetamol drug in BNP-1 and BNP-
3. Notably, BNP-1 and BNP-3 displayed substantial chemisorption energies, measuring at −27.94
and −15.31 kcal/mol in the gas phase and −30.69 and −15.60 kcal/mol in the aqueous medium,
respectively. In contrast, BNP-2 displayed a physiosorbed nature, indicating weaker interactions with
values of −6.97 kcal/mol in the gas phase and −4.98 kcal/mol in the aqueous medium. Our analysis
of charge transfer revealed significant charge transfer between the B12N12 nanocage and paracetamol.
Additionally, a Quantum Theory of Atoms in Molecules (QTAIM) analysis confirmed that the
O–B bond within BNP-1 and BNP-3 exhibited a strong covalent and partial bond, encompassing both
covalent and electrostatic interactions. In contrast, the H–N bond within BNP-2 displayed a weaker
hydrogen bond. Further investigation through Noncovalent Interaction (NCI) and Reduced Density
Gradient (RDG) analyses reinforced the presence of strong interactions in BNP-1 and BNP-3, while
indicating weaker interactions in BNP-2. The decrease in the electronic band gap (Eg) demonstrated
the potential of B12N12 as a promising adsorbent for paracetamol. Examining thermodynamics,
the negative values of ∆H (enthalpy change) and ∆G (Gibbs free energy change) pointed out the
exothermic and spontaneous nature of the adsorption process. Overall, our study underscores the
potential of B12N12 as an effective adsorbent for eliminating paracetamol from wastewater.

Keywords: DFT; boron nitride nanocage; paracetamol; adsorption

1. Introduction

Water resources are of prime importance in developing countries because they are
used domestically and in agriculture and industry. Water is polluted by manmade and
natural sources, which has serious impacts on human health [1]. Natural sources contribute
to water pollution by adding contaminants that are present in water supplies. On the other
hand, manmade sources such as agricultural practices, unsuitable disposal of wastewater,
industrial activities, and sewage systems also contribute to water pollution. Both man-
made and natural sources contaminate water, threatening water purity and safety. Water
pollutants includes heavy metals, chemical pollutants, pesticides, and medicines, which
are continuously being studied, and the introduction of new chemicals, pesticides, and
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medicines poses additional difficulties [2,3]. Numerous studies have been carried out to
probe the quality of groundwater and to investigate the related health issues as drinking
polluted water has serious effects on human health [4–8].

Pharmaceutically active compounds are emerging pollutants that can be detected in
surface water, drinking water, industrial and domestic water, and groundwater [9]. Phar-
maceutically active compounds include antibiotics (ciprofloxacin, levofloxacin, nalidixic
acid), nonsteroidal anti-inflammatory drugs (NSAIDs) (diclofenac, ibuprofen, naproxen),
hormones, and antidepressants (meprobamate, diazepam). A very large quantity of phar-
maceuticals is used around the globe to cure animal and human diseases in feedstock
facilities, households, hospitals, and agriculture. However, they are not completely ab-
sorbed in the body, and the unabsorbed and unmetabolized pharmaceuticals are excreted,
which finally contaminates the ground- and surface water. Similarly, the inappropriate
disposal of unwanted drugs and expired ones is another source of water pollution [10].
Such contaminated wastewater is subjected to treatment in wastewater treatment plants
(WWTPs), which are unable to eliminate the pharmaceuticals completely to make it suit-
able for drinking. In Madrid (Spain), a considerable quantity of NSAIDs was found in
drinking water after treatment in WWTPs that treated wastewater in an area with phar-
maceutical industries, university campuses, and hospitals [11]. Paracetamol, also known
as acetaminophen, is one of the most extensively used analgesic and antipyretic drugs
among over-the-counter (OTC) and most frequently prescribed drugs [12,13]. The global
market for acetaminophen is expected to be value at USD 121.7 million by 2018 [14]. Parac-
etamol is one of the most rapidly growing emerging contaminants on the globe, and its
existence has been reported earlier to be up to 200 µg/L and 28.70 µg/L in wastewater
effluents and surface water, respectively [15], despite its high removal capacity of about
90% in WWTPs [16–18]. Researchers reported a strong tendency of paracetamols and other
NSAIDs toward accumulation, sorption, and persistence in soil sediments and plants [19,20]
and reported a number of toxicities of paracetamols in plants, soil, and aquiculture [21].
Different methodologies have been applied to eliminate pharmaceuticals from drinking
water including membrane filtration, membranes with sorption capabilities, advanced
oxidation, and adsorption [22,23]. Adsorption is the most commonly used method due
to its ease of operation, low energy usage, low cost, and high efficiency [24–27]. Different
adsorbents of a 2D and 3D nature have been applied for the removal of pharmaceuticals
from wastewater [28]. Adsorbents such as single- and multiwall carbon-based nanotubes,
graphene, activated carbon, chitosan-grafted graphene oxide composites, TiO2/GO com-
posites, biochar, magnetic mesoporous carbon, and graphene oxide have been utilized for
the adsorption of pharmaceuticals with desirable results [29–32]. However, these nanomate-
rials possess numerous issues, i.e., low hydrophobicity of carbon nanotubes and long-term
sustainability, which make the nanomaterials difficult to separate from water and toxic to
the ecosystem [33–37]. In recent research, aluminum nitride and boron nitride nanotubes
were explored as the most appropriate candidates for the elimination of a large number of
pollutants from wastewater due to their thermal and structural stability, high hydropho-
bicity, wide band gap, and resistance to oxidation [38–40]. Likewise, inorganic nanocages
such as Al12N12 and B12N12 have been employed for the adsorption of pollutants due to
their distinctive surface and their physical and chemical properties [41–44]. They were
used experimentally for the abatement of aspirin [45] and for the removal of toxic gases
like NH3, ClCN, and HCN [46,47]. Additionally, Al12P12 nanocages were used for the
effective sensing of CH3Cl and CH3F [48]. The B12N12 nanocage [49] was synthesized by
employing the arc-melting method from YB6 powder, and four- and six-membered rings
were found in the nanocage. The B12N12 nanocage possesses substantial properties such as
oxidation resistance, structural and thermal stability, and high surface area and can be used
effectively for the abatement of paracetamol from wastewater.

In the present work, we examined the interaction of paracetamol with a B12N12
nanocage using density functional theory (DFT) calculations. DFT analyses such as bond
elongation, bond length, atoms in molecule, thermodynamics, electron density difference,
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and charge transfer analyses were used to study the interaction of paracetamol with the
B12N12 nanocage, and we found promising results. This study will open new routes of
research for the removal of emerging pollutants using B12N12 nanocages.

2. Computational Details

The structures of the adsorbent and the adsorbate were built using the free advanced
chemical editor software Avogadro 1.2.0 and optimized initially using the auto-optimization
tool [50]. An input file for each monomer was prepared using RUNTYP = OPTIMIZE and
the tight convergence option for the GAMESS US program [51]. All the structures were
subsequently optimized employing B3LYP theory with a 631-G(d,p) basis set through the
GAMESS US program. To form complexes of the adsorbent with the drug, the optimized
geometries of the monomers were used in the Avogadro software, and the complexes
were optimized using the same protocols through the GAMESS US program. To modify
the adsorption energies of all complexes, the DFT-D3 (dispersion correction) scheme of
Grimme was used [52]. Then, for all complexes, the adsorption energies were obtained
through the following equation:

Eads = Ecomplex −
(

Enanocage + Eparacetamol

)
, (1)

where Enanocage and Eparacetamol stands for the total electronic energies of the nanocage
and the paracetamol, respectively, and Ecomplex represents the total electronic energy of
the optimized complex systems.

Noncovalent interaction (NCI) analysis [53] was carried out using the Multiwfn
program [54] and visualized using the VMD 1.9.4a51 software [55] to detect the electrostatic
interactions and H-bonds between the adsorbent and adsorbate. Reduced density gradient
(RDG) analysis [53] using the Multiwfn program [54] was performed to justify the existence
of strong or weak interactions between the adsorbents and adsorbates. Natural bonding
orbital analysis with the help of NBO code in Gaussian 16 [56] was used for the analysis of
charges, which were used to investigate the charge transfer. In order to assess the influence
of the medium on the adsorption of the drug onto the B12N12 nanocage, we conducted
investigations in an aqueous medium using a polarizable continuum model (PCM) and
obtained the adsorption energies [57]. All the DFT simulations were performed using the
B3LYP/631-G(d,p) basis set [58]. Quantum theory of atoms in molecules (QTAIM) analysis
was employed to study the strength and behavior of the interaction. Furthermore, various
topological parameters were computed at the bond-critical points (BCPs) specifically kinetic
electron density (Gb), Laplacian (∇2ρb), electron densities (ρb), total electron energy densi-
ties (Hb), and potential electron energy density (Vb) using the Multiwfn program [54] from
the wfn file obtained in Gaussian 16 programs [56]. The sensing ability of the adsorbent for
the adsorbate was evaluated using frontier molecular orbital (FMO) analysis. The following
equation was used for the calculation of the bandgap (Eg) values for all the complexes:

Eg = ELUMO − EHOMO, (2)

where Eg refers to the bandgap or energy gap and LUMO and HOMO denote the lowest
unoccupied molecular orbitals and the highest occupied molecular orbitals, respectively.

The Multiwfn 3.6(dev) software and Gaussian 16 [54,56] were used to visualize the
overlap of orbitals, which were simulated using energy density difference (EDD) anal-
ysis. To study the effect of an aqueous medium on the adsorption process, calculations
were carried out by using a polarizable continuum model (PCM) in the GAMESS UK
code [51]. Thermodynamics simulations with the RUNTYP = HESSIAN option in the
input file of the GAMESS code were employed to study the feasibility and nature (spon-
taneous/nonspontaneous) of the adsorption process. The enthalpy change (∆H) and
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the Gibbs free energy (∆G) were determined by employing the following equations to
determine the thermodynamics of the adsorption process:

∆Hads = HComplex − H(nanocage+paracetamol), (3)

∆Gads = ∆Hads − T∆Sads, (4)

∆Gads = ∆Hads − T
(

S(complex) −
(

Snanocage + Sparacetamol

)
, (5)

where G represents the total electronic and thermal Gibbs free energy, H symbolizes the total
electronic and thermal enthalpy, and S refers to the entropy at a temperature of 298.15 K
and a pressure of 1 atm.

The time required for the adsorbents in all complexes to regenerate or recover was
assessed using the following equation:

τ = ν−1
0 exp(−Eads/kT), (6)

where ν−1
0 denotes the attempt frequency, Eads refers to the adsorption energy, T stands for

temperature, and k represents Boltzmann’s constant.

2.1. Optimization of Geometry of B12N12 Nanocage and Paracetamol

Figures 1 and 2 illustrate the optimized geometries of paracetamol and B12N12 along
with their resultant molecular electrostatic potential (MEP) map. It has been reported in
the literature that the bond length between B and N in the tetragon is 1.49 and the bond
length in the hexagon ring is 1.43 Å, respectively [59].
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2.2. Optimization of B12N12 Complexes and Estimation of Binding Energies

Based on the MEP map displayed in Figure 3, it is clear that the C=O and O–H groups
in the paracetamol drug and the B and N atoms within the B12N12 cage are identified as a
hot site for potential interactions. In the MEP map, regions colored red indicate electrophilic
centers while those in blue indicate the nucleophilic centers. Therefore, we targeted these
sites for interactions in our present study.
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As a result, we investigated three distinct interaction modes between paracetamol and
B12N12, labeled as complex-1 (BNP-1), complex-2 (BNP-2), and complex-3 (BNP-3). The
optimized configurations of all the above-mentioned complexes are illustrated in Figure 3.
In BNP-1, the boron atom of the nanocage forms a bond with the oxygen atom (O) of the
C=O group of the adsorbate, resulting in a computed O–B bond length of 1.55 Å. In BNP-2,
the calculated bond length between the H atom of O–H and the nanocage was 1.97 Å, while
in BNP-3, the bond length between the O atom of O–H and the boron atom of the nanocage
was observed to be 1.66 Å. The adsorption energies of BNP-1 and BNP-3 indicate that they
interact via chemisorption, with an Eads of −27.94 kcal/mol, whereas the adsorption energy
of BNP-2 shows that it interacts via physisorption, having Eads values of 15.3125 kcal/mol
as mentioned in Table 1.

Table 1. Adsorption energies (Eads), frontier molecular orbital (FMO), and charge transfer (Q) analyses
of the optimized complexes of B12N12 with paracetamol.

System Eads ELUMO EHOMO Eg Q

B12N12 - −0.84 −7.70 eV 6.86 eV -
Paracetamol - −0.08 −5.48 5.40 -

BNP-1 −27.94 −1.72 −6.52 4.80 −0.018
BNP-2 −6.97 −1.11 −5.26 4.15 0.017
BNP-3 −15.31 −0.95 −6.53 5.58 −0.041

Frontier molecular orbital study of the complexes of the B12N12 nanocage and paracetamol. The adsorption
energies are in Kcal/mol; the HOMO, LUMO, and Eg are in eV; and the ∆QCT is in e.
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The results concerning the values of the adsorption energies indicate that paracetamol
forms a strong interaction through the O of its C=O bond. This strong interaction is due
to a covalent bond, which is supported by small bond length values in BNP-1. On the
other hand, a weak hydrogen bond exists in BNP-2 as indicated by small bond length
values and small Eads values. In contrast, BNP-3 exhibits a strong interaction of a partial
nature, having both electrostatic and covalent interactions, leading to chemisorption with
small bond length values. Furthermore, electrostatic interactions at other positions in
BNP-1 and BNP-3 contribute to the overall Eads values, highlighting a strong interaction in
these complexes.

2.3. Reduced Density Gradient (RDG) Analysis and Noncovalent Interaction (NCI)

Figure 4 represents the two-dimensional figures of the reduced density gradient (RDG)
and three-dimensional figures of the noncovalent interaction (NCI) for the complexes of
paracetamol and B12N12. The 2D and 3D plots use color-coded spots to indicate the weak
and strong noncovalent interactions and steric repulsion in the observed complexes. The
RDG plot displays spikes with values of (sign λ2) ρ < 0, indicating strong interactions.
Specifically, in the RDG figure, the green-encircled spikes in BNP-1 and BNP-3 indicate the
occurrence of an electrostatic interaction between the hydrogen atom of the paracetamol
and the nitrogen atom of the B12N12 nanocage. On the other hand, the black-encircled
spikes in BNP-1 and BNP-3 suggest a strong covalent and partial interaction, while the
red-encircled spikes in all three complexes indicate repulsion between the atoms.
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Regarding the NCI plots, the blue-encircled spike in BNP-2 signifies a weak hydrogen
bond, which is responsible for physisorption. The existence of a strong bond in the NCI
figure is represented by two black arrows in BNP-1 and BNP-2 showing the bond between
the interacting atoms. These strong interactions were also evident in the 3D plots. The
two green arrows in BNP-1 and BNP-2 point to the green-colored region between the
interaction of the H atom of the paracetamol and the N atom of the B12N12 nanocage,
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representing electrostatic interactions. Similarly, a weak hydrogen bond is demonstrated by
the blue arrow pointing to the blue-colored region between the hydrogen atom of O–H of
the paracetamol and the nitrogen atom of the B12N12 nanocage. Furthermore, the presence
of the red-colored region between the atoms of the paracetamol and the nanocage in the
NCI map indicates repulsion between atoms at various positions in the complexes.

Based on the RDG and NCI analyses, it can be concluded that strong interactions are
present in BNP-1 and BNP-3, while BNP-2 exhibits a weak hydrogen bond.

2.4. Natural Bonding Orbital (NBO) Analysis

The sensing abilities of the B12N12 nanocage concerning the paracetamol drug were
assessed using the widely recognized natural bonding orbital (NBO) method. The results
obtained were then compared with the charges of atoms in the isolated nanocage and
paracetamol, and these findings are tabulated as Table 1. In this context, the charge transfer
refers to the charge variations between the paracetamol/B12N12 structure and the nanocage
alone. The data presented in Table 1 reveal a significant charge transfer (∆N) from the
donor hydrogen and oxygen atoms of paracetamol and to the acceptor boron and nitrogen
atoms of the B12N12 nanocage.

The analysis of natural bonding orbitals (NBOs) reveals that the charges on the oxygen
(O) and hydrogen (H) atoms of paracetamol in BNP-1 and BNP-2 and the charge on the
oxygen (O) atom in BNP-3 decrease from −0.625, 0.508, and −0.694 e to −0.607, 0.491, and
−0.653, respectively. This indicates a net charge transfer of −0.018, 0.017, and −0.041 from
paracetamol to the B12N12 nanocage. Notably, the charge transfer is more significant in BNP-
1 and BNP-3 as compared to BNP-2, suggesting a strong interaction between paracetamol
and the B12N12 nanocage. These results are consistent with the findings obtained from the
Eads values, the bond length analysis, and the NCI and RDG analyses.

2.5. Quantum Theory of Atoms in Molecules (QTAIM) Analysis

The strength and nature of interactions between paracetamol and the B12N12 nanocage
were extensively examined using QTAIM analysis. Figure 5 [9] illustrates the QTAIM
figures with bond-critical points, which provided insight to various topological parameters
at this point. These parameters, including the kinetic electron density (Gb), Laplacian
(∇2ρb), electron densities (ρb), total electron energy densities (Hb), and potential electron
energy density (Vb), were carefully analyzed to characterize the interactions as either
covalent or weak electrostatic involving electron sharing or transfer [15]. At the bond-
critical points (BCPs), a positive value of Hb indicates closed-shell interactions while a
negative value suggests covalent interaction between the adsorbent and the adsorbate.
If both values, i.e., Hb and ∇2ρb, are positive, then it indicates the occurrence of weak
electrostatic interaction. Meanwhile, if both the values are negative, it indicates the presence
of a covalent bond, but if the value of ∇2ρb is positive and Hb is negative, it indicates the
partial existence of both covalent and electrostatic interactions. Furthermore, the nature
of interactions can be classified as weak electrostatic and noncovalent if the ratio −Gb/Vb
has values greater than unity. On the other hand, the interactions are considered strong
covalent if the values are less than unity and partial if the values are less then unity but
greater than 0.5.

Table 2 presents our computed results, showing the Hb values at BCPs 67, 52, and 52
in BNP-1, BNP-2, and BNP-3, respectively. These values indicate closed-shell interactions
between the adsorbent and the adsorbate. Notably, the highest electron density (ρb) at
BCP 67 in BNP-1 suggests strong interaction among all complexes. Similarly, the larger
ρb values at BCP 52 in BNP-3 indicate a strong bond compared to BNP-2. Additionally,
the negative ∇2ρb and Hb values at BCP 67 in BNP-1 signify a strong covalent interaction,
while at BCP 52 in BNP-3, the results indicate partial interaction involving both covalent
and electrostatic forces, as reflected by the negative Hb values and positive ∇2ρb values.
These findings are consistent with the −Gb/Vb ratio, which is less than 0.5 at BCP 67 and
greater than 0.5 but less than unity at BCP 52.



Computation 2023, 11, 183 8 of 15

Computation 2023, 11, x FOR PEER REVIEW 8 of 15 
 

 

QTAIM figures with bond-critical points, which provided insight to various topological 

parameters at this point. These parameters, including the kinetic electron density (Gb), 

Laplacian (∇2ρb), electron densities (ρb), total electron energy densities (Hb), and potential 

electron energy density (Vb), were carefully analyzed to characterize the interactions as 

either covalent or weak electrostatic involving electron sharing or transfer [15]. At the 

bond-critical points (BCPs), a positive value of Hb indicates closed-shell interactions 

while a negative value suggests covalent interaction between the adsorbent and the ad-

sorbate. If both values, i.e., Hb and ∇2ρb, are positive, then it indicates the occurrence of 

weak electrostatic interaction. Meanwhile, if both the values are negative, it indicates the 

presence of a covalent bond, but if the value of ∇2ρb is positive and Hb is negative, it in-

dicates the partial existence of both covalent and electrostatic interactions. Furthermore, 

the nature of interactions can be classified as weak electrostatic and noncovalent if the 

ratio −Gb/Vb has values greater than unity. On the other hand, the interactions are con-

sidered strong covalent if the values are less than unity and partial if the values are less 

then unity but greater than 0.5. 

 

Figure 5. QTAIM analysis of complexes of B12N12 nanocage with paracetamol. 

Table 2 presents our computed results, showing the Hb values at BCPs 67, 52, and 52 

in BNP-1, BNP-2, and BNP-3, respectively. These values indicate closed-shell interactions 

between the adsorbent and the adsorbate. Notably, the highest electron density (ρb) at 

BCP 67 in BNP-1 suggests strong interaction among all complexes. Similarly, the larger ρb 

values at BCP 52 in BNP-3 indicate a strong bond compared to BNP-2. Additionally, the 

negative ∇2ρb and Hb values at BCP 67 in BNP-1 signify a strong covalent interaction, 

while at BCP 52 in BNP-3, the results indicate partial interaction involving both covalent 

and electrostatic forces, as reflected by the negative Hb values and positive ∇2ρb values. 

These findings are consistent with the −Gb/Vb ratio, which is less than 0.5 at BCP 67 and 

greater than 0.5 but less than unity at BCP 52. 

  

Figure 5. QTAIM analysis of complexes of B12N12 nanocage with paracetamol.

Table 2. QTAIM analysis of complexes of B12N12 nanocage with paracetamol.

System BCP Density of All
Electrons (ρb)

Laplacian
(∇2ρb)

Kinetic
Electron

Density Gb

Potential
Energy

Density Vb

Energy
Density Hb

−Gb/Vb

BNP-1 67 0.34 −0.96 0.32 −0.89 −0.56 0.36
BNP-2 52 0.03 0.07 0.02 −0.02 −0.0004 0.97
BNP-3 52 0.09 0.28 0.12 −0.17 −0.05 0.70

Bond-critical points (BCPs), electron density (ρ au), Laplacian (∇2ρb au), kinetic electron density (Gb au), potential
energy density (Vb au), energy density (Hb au), and ratio of kinetic electron density and potential energy density
(−Gb/Vb au).

The results obtained from the QTAIM analysis align with the outcomes of the DFT
(Density Functional Theory) analysis, providing further evidence of the efficiency of the
B12N12 nanocage in the removal of paracetamol from wastewater.

2.6. Frontier Molecular Orbital (FMO) Analysis

The confirmation of the binding of paracetamol onto the B12N12 nanocage was further
studied by analyzing the frontier molecular orbitals (HOMO–LUMO) of the nanocage,
paracetamol, and complexes. The corresponding figures and results can be found in Figure 6
and Table 1, respectively. According to Figure 6, the B12N12 nanocage demonstrates distinct
HOMO and LUMO distribution, with the HOMO predominantly spread over the nitrogen
atom while the LUMO is localized on the boron atom. The binding of paracetamol onto
the B12N12 nanocage induces remarkable changes in the HOMO–LUMO distribution. In
the cases of BNP-1, BNP-2, and BNP-3, the LUMO is primarily concentrated on the cyclic
ring of the paracetamol, while the HOMO involves the O–H and the cyclic ring, with
a particular focus on the interacting position in BNP-1 and BNP-3. These observations
indicate substantial charge transfer and a strong interaction between paracetamol and the
B12N12 nanocage. On the other hand, the HOMO exhibits marginal separation from the
interacting atoms of both the paracetamol and the B12N12 nanocage, leading to minimal
orbital overlap and negligible charge transfer. These observations suggest very weak
interactions in these cases.
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The B12N12 nanocage exhibits HOMO and LUMO energy values of −7.70 eV and
−0.84 eV, respectively, resulting in a HOMO–LUMO gap of 6.68 eV. Upon complexation
with BNP-1, the HOMO energy value decreased from 7.70 eV to −6.52 eV, while the
LUMO energy value increased from 0.84 eV to 1.72 eV, resulting in a reduced energy
gap of 4.80 eV. This change in energy gap is expected to increase the sensitivity of the
B12N12 nanocage toward the drug, i.e., paracetamol. Similarly, for BNP-2 and BNP-3,
the HOMO energies decreased to −5.26 eV and −6.53 eV, respectively, while the LUMO
energies increased to −1.11 eV and −0.95 eV, leading to decreased energy gaps of 4.15 eV
and 5.58 eV, respectively. These significant variations in the energy gaps indicate that the
B12N12 nanocage effectively sensed the paracetamol molecule. The reduction in the energy
gap in the complexes strongly suggests favorable attractions and the possible overlap of
atomic orbitals, indicating the enhanced electrical conductivity and sensitivity of the B12N12
nanocage toward the paracetamol drug.

2.7. Electron Density Difference (EDD) Analysis

The electron density difference (EDD) analysis was performed to investigate the
intermolecular interactions between the paracetamol and the B12N12 nanocage. Figure 7
illustrates the plot of the EDD for all three complexes. The EDD was performed by
calculating the difference in electron density between the complexes and sum of the isolated
species, namely, paracetamol and the B12N12 nanocage. The ED of the individual species is
determined by using the coordinates from the relaxed geometries of the complexes. The
EDD plots of the complexes reveal blue and green regions, which signify the orbital contact
between the paracetamol and the B12N12 nanocage. Furthermore, BNP-1 and BNP-3 show
a huge green loop between the interaction sites of paracetamol and the B12N12 nanocage,
providing strong evidence of significant interactions and substantial charge transfer from
paracetamol to the B12N12 nanocage. In BNP-2, the size of the blue and green loops is very
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small, indicating minimal overlap and weak interactions. These findings from the EDD
analysis are consistent with the charge transfer analysis.
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2.8. Effect of Solvent on the Adsorption and Dipole Moment Analysis

The results of the PCM analysis show that the water has a minimal effect on the
interaction between the paracetamol and the B12N12 nanocage. The calculated Eads val-
ues for BNP-1, BNP-2, and BNP-3 in the aqueous medium were −30.69, −4.98, and
−15.60 kcal/mol, respectively. These values suggest that water has a minimal effect on
the adsorption process, and it further confirms the stable interaction between paracetamol
and the B12N12 nanocage in the aqueous medium. Table 3 lists the variations in the dipole
moment (DM) between the B12N12 nanocage and the complexes. It is worth noting that
the dipole moment of the free B12N12 nanocage is zero due to its symmetrical structure.
However, when paracetamol is involved, the dipole moment increases noticeably, indicat-
ing a noteworthy charge separation between the paracetamol and the B12N12 nanocage.
The results strongly suggest that the aqueous phase is more favorable than the gas phase.
Among the complexes, BNP-1 and BNP-3 exhibit the highest increase in dipole moment,
which is consistent with their large Eads values and short bond lengths. On the other hand,
BNP-2 shows a slight increase in the dipole moment, revealing a physisorption nature and
supporting the smallest Eads values. The study of the dipole moment provides evidence of
charge transfer between paracetamol and the B12N12 nanocage.

Table 3. Adsorption energy (Eads) in gas and aqueous medium, dipole moment, and thermodynamics
analysis of complexes of B12N12 with paracetamol.

System Eads (Gas Medium) Eads (Water Medium) DM ∆H ∆G

B12N12 - - 0.000010 - -
BNP-1 −27.94 −30.69 11.14 −21.52 −19.13
BNP-2 −6.97 −4.98 1.62 −2.41 −1.03
BNP-3 −15.31 −15.60 7.72 −10.31 −7.59

The adsorption energies (gas phase and aqueous medium), enthalpy change (∆H), and free energy change (∆G)
are in Kcal/mol; the dipole moment is in Debye.

3. Thermodynamics Analysis

The nature and feasibility of the binding of paracetamol on the nanocage is better
understood through thermodynamics analysis, which involves studying changes in the
enthalpy, entropy, and free energy. These parameters play a crucial role in practical applica-
tions of the binding of paracetamol on the nanocage. In Table 3, we present the results of
our simulations for ∆H and ∆G, all of which showed negative values for all the three com-
plexes (BNP-1, BNP-2, and BNP-3). This indicates that the adsorption process is exothermic



Computation 2023, 11, 183 11 of 15

and spontaneous. The thermodynamics parameters align well with the energetic analysis,
affirming the exothermic and feasible nature of the process.

4. Recovery Time Calculation

In this research, we extensively examined the adsorbent’s efficiency by determining the
recovery times for the three complexes at two different temperatures 298.15 and 350 K. Our
findings revealed that BNP-2 exhibited the shortest recovery time, while BNP-1 displayed
the longest recovery time both at 298.15 and 350 K as shown in Figure 8. The regeneration
study results highlight the B12N12 adsorbent’s fast renewal rate at room temperature, mak-
ing it a highly suitable candidate for the efficient removal of paracetamol from wastewater
due to its exceptional and stable characteristics.

Computation 2023, 11, x FOR PEER REVIEW 12 of 15 
 

 

4. Recovery Time Calculation 

In this research, we extensively examined the adsorbent’s efficiency by determining 

the recovery times for the three complexes at two different temperatures 298.15 and 350 

K. Our findings revealed that BNP-2 exhibited the shortest recovery time, while BNP-1 

displayed the longest recovery time both at 298.15 and 350 K as shown in Figure 8. The 

regeneration study results highlight the B12N12 adsorbent’s fast renewal rate at room 

temperature, making it a highly suitable candidate for the efficient removal of parace-

tamol from wastewater due to its exceptional and stable characteristics. 

 

Figure 8. Recovery time graph of complexes of B12N12 nanocage with paracetamol. 

5. Conclusions 

In the current study, density functional theory simulations were utilized to examine 

the interaction between paracetamol and the B12N12 nanocage, evaluating its sensing ca-

pabilities for the abatement of the paracetamol drug from wastewater. The geometry 

analysis and bond length analysis indicated that BNP-1 and BNP-3 form strong bonds 

with the B12N12 nanocage, while BNP-2 shows a weak interaction. The charge transfer 

analysis demonstrated noteworthy charge transfer, supported by frontier molecular or-

bital (FMO) and electron density difference (EDD) analysis, which depicted orbital 

overlap. The quantum theory of atoms in molecules (QTAIM) analysis revealed strong 

bonds in BNP-1 and BNP-3, while there was a weak hydrogen bond in BNP-2. Negative 

values of ΔH and ΔG indicated an exothermic, feasible, and spontaneous adsorption 

Figure 8. Recovery time graph of complexes of B12N12 nanocage with paracetamol.

5. Conclusions

In the current study, density functional theory simulations were utilized to exam-
ine the interaction between paracetamol and the B12N12 nanocage, evaluating its sensing
capabilities for the abatement of the paracetamol drug from wastewater. The geometry
analysis and bond length analysis indicated that BNP-1 and BNP-3 form strong bonds
with the B12N12 nanocage, while BNP-2 shows a weak interaction. The charge transfer
analysis demonstrated noteworthy charge transfer, supported by frontier molecular orbital
(FMO) and electron density difference (EDD) analysis, which depicted orbital overlap.
The quantum theory of atoms in molecules (QTAIM) analysis revealed strong bonds in
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BNP-1 and BNP-3, while there was a weak hydrogen bond in BNP-2. Negative values
of ∆H and ∆G indicated an exothermic, feasible, and spontaneous adsorption process at
room temperature. These results were further supported by reduced density gradient and
noncovalent interaction analyses. The increase in the dipole moment of the complexes
further confirmed the interaction between the paracetamol and the B12N12 nanocage. The
regeneration study demonstrated the absorbent’s ease of regeneration and reusability. Over-
all, this study demonstrated a strong binding interaction between B12N12 and paracetamol,
which represents an initial stride toward exploring B12N12’s potential as a candidate for
pharmaceutical removal from wastewater.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/computation11090183/s1: Table S1. Grimme’s dispersion energy of the
complexes.
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