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The study examined the effectiveness of CgBsNs nanoclusters in acting as both an
adsorbent and sensor for removing and detecting nalidixic acid (NA) using density
functional theory computations. The findings indicated that the interaction between
NA and CsBsNs is feasible, exothermic, and spontaneous, highlighting the potential
of CsBsNs as an efficient adsorbent for NA removal. The research also investigated
the impact of water as the solvent and varying temperature on the thermodynamic
parameters, revealing no significant influence on the interactions. Additionally, the

Ezm?;icf;ci d Frontier Molecular Orbital (FMO) analysis revealed notable changes in the
CsBsNs fullerene bandgap of CsBsNe from 8.09 (eV) to 5.46 (eV) (-32.46%) during the adsorption
DET process, suggesting its potential use as an effective electrocatalytic modifier for the
Adsorption electrochemical detection of NA. Other FMO parameters were also discussed in

details. Overall, this study provides valuable insights into the potential use of
CsBsNg as an efficient adsorbent and sensor for the removal and detection of NA.

1. Introduction

Nalidixic acid (NA, Fig. 1) is an important compound that
requires careful determination and removal due to its
potential impact on human health and the environment [1].
As a synthetic antibiotic, NA has been widely used to treat
urinary tract infections caused by susceptible bacteria [2].
However, its overuse and improper disposal can lead to
environmental contamination and the development of
antibiotic-resistant  strains of bacteria [3]. The
determination of NA in various matrices, such as water,
soil, and biological samples, is crucial for assessing its
presence and potential risks [4]. Analytical methods
including high-performance liquid chromatography
(HPLC) and mass spectrometry are commonly employed
to accurately quantify NA levels [5]. These methods
enable researchers and regulatory agencies to monitor its
occurrence and establish guidelines for acceptable
concentrations in different environmental compartments

[6].

Once NA is detected, appropriate removal strategies must
be implemented to mitigate its adverse effects [7].
Advanced oxidation processes, such as ozonation and
photocatalysis, have shown promise in degrading NA in
water  treatment  facilities  [8].  Additionally,
bioremediation techniques utilizing microorganisms
capable of metabolizing NA have been explored for soil
and sediment remediation [9]. Furthermore, the proper
disposal of pharmaceutical formulations containing NA is
essential to prevent its release into the environment [10].
Pharmaceutical manufacturers and healthcare facilities
should adhere to regulations governing the handling and
disposal of expired or unused medications to minimize the
potential impact of NA on ecosystems and human health.
Electrochemical sensors offer several advantages over
high-performance liquid chromatography (HPLC) and
mass spectrometry [11]. Firstly, electrochemical sensors
are known for their high sensitivity, allowing for the
detection of analytes at very low concentrations [12]. The
adsorption technique has been extensively studied as an
efficient method for various applications, including drug
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delivery, where it facilitates drug absorption;
environmental remediation, where it aids in removing
pollutants to protect the environment; and industrial
processes, such as gas storage, separation, and catalysis
[13]. Additionally, adsorption can be easily tailored to
target specific antibiotics by using different types of
adsorbent materials, allowing for a more targeted and
efficient removal process [14]. Furthermore, adsorption is
a cost-effective method compared to other techniques
such as advanced oxidation or membrane filtration [15].
The relatively low cost of adsorbent materials and the
simplicity of the adsorption process make it an attractive
option for large-scale antibiotic removal applications. In
addition, adsorption can be easily integrated into existing
water treatment systems, minimizing the need for major
infrastructure changes or upgrades [15]. Another
advantage of adsorption is its ability to remove antibiotics
without producing harmful by-products or secondary
pollutants [16]. Unlike some chemical treatment methods,
adsorption does not involve the use of harsh chemicals or
the generation of toxic residues, making it a more
environmentally friendly option for antibiotic removal
[17]. Moreover, adsorption processes are generally robust
and tolerant to variations in water quality and operating
conditions. This means that adsorption can effectively
remove antibiotics from water and wastewater even in the
presence of other contaminants or fluctuating pH and
temperature levels, providing a reliable and consistent
treatment performance [18]. CsBsNg nanocluster (Fig. 1),
also known as boron carbon nitride, possesses unigue
properties that make it an exceptional sensor and
adsorbent [18]. This nanocluster has a high surface area
and a large number of active sites, allowing it to
effectively adsorb various molecules and ions [19]. Its
high reactivity and selectivity make it an ideal candidate
for sensing applications, as it can detect specific analytes
with high sensitivity. Additionally, CsBsNs nanocluster
exhibits excellent stability and robustness, making it
suitable for long-term sensing and adsorption processes

[20]. The electronic structure of CsBsNg nanocluster also
contributes to its exceptional performance as a sensor and
adsorbent. Its unique combination of boron, carbon, and
nitrogen atoms results in a well-defined electronic band
structure, which enables efficient charge transfer and
interaction with target molecules [21]. This property
enhances its ability to selectively bind to specific analytes,
making it a valuable tool for detecting and removing
contaminants  from various environments [22].
Furthermore, the tunable nature of CgBeNs nanocluster
allows for customization of its properties to suit specific
sensing and adsorption requirements [23]. By adjusting
the composition and structure of the nanocluster, its
affinity towards certain molecules can be enhanced,
leading to improved sensing and adsorption capabilities
[24]. This versatility makes CsBgNg nanocluster a versatile
platform for a wide range of applications, including
environmental monitoring, biomedical diagnostics, and
industrial purification processes. In addition to its
exceptional sensing and adsorption capabilities, CsBgNs
nanocluster also exhibits remarkable chemical and
thermal stability [25]. This property ensures that the
nanocluster can withstand harsh environmental conditions
and prolonged exposure to high temperatures, making it
suitable for demanding sensing and adsorption
applications. Its robust nature allows for continuous
operation without degradation, providing reliable and
consistent performance over extended periods [26].
Moreover, the scalable synthesis of CsBsNs nanocluster
makes it readily accessible for large-scale production,
further enhancing its potential for widespread use as a
sensor and adsorbent. Its cost-effective synthesis process
and compatibility with various substrates enable seamless
integration into sensor platforms and adsorption systems,
facilitating the development of practical solutions for real-
world applications. In this respect, the performance of
CsBsNes nanocluster as an adsorbent and sensor for the
removal and detection of NA was scrutinized.
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Fig. 1. The optimized structures of NA and CsBsNs

994



Chem Rev Lett 7(2024) 993-1000

2. Computational Details

The NA, nanocluster, and their combinations were
designed using Nanotube Modeler 1.3.0.3 [27] and
GaussView 6 [28] software versions, and then geometric
optimization was performed for each structure.
Subsequently, the optimized structures underwent various
computations, including infra-red (IR), frontier molecular
orbital (FMOQO), and natural bonding orbital (NBO)
computations. The density functional theory (DFT)
method, particularly the B3LYP/6-31G(d) level of theory,
was consistently applied using Gaussian 16 [29] software
version. This level of theory was chosen due to its prior
acceptance and consistent alignment with experimental
findings, as well as its proven reliability in predicting
experimental results. This selection was made to ensure
that the theoretical calculations closely correspond to the
actual observations, thereby enhancing the validity and
applicability of the research findings [30-35]. The study
conducted computations in both gas phase and aqueous
phases employing the CPCM [36] solvation method.
Temperatures varying from 298 K to 318 K were
examined, focusing on drug adsorption onto an adsorbent
material. The goal was to comprehend how solvation and
temperature impact the process, particularly in aqueous
environments. This approach offers insights into the
thermodynamics of drug adsorption and could potentially
contribute to enhancing drug delivery systems in water-
based settings [37]. The following process was
scrutinized:

Drug + Adsorbent — Drug-Adsorbent @
We assessed the drug-adsorbent interaction by calculating
adsorption  energy values (E.) and  various
thermodynamic parameters, including the thermodynamic
equilibrium constant (Ki), entropy changes (ASaq), Gibbs
free energy changes (AGag), and adsorption enthalpy
changes (AHag) using equations 2—6 [38]. The following
formulas were used for calculation of the aforementioned
parameters:

Exq = (E(Complex) - (E(Drug) + E(Adsorbent) + E(BSSE)))(Z)

AHgq = (H(Complex) — (Horug + H(Adsorbent))) (3)
AGag = (G(complex) = (Georug) + Gadsorebny)) ~ (4)
ASaq = (S(Complex) — (Hprug) + H(Adsorbent))) (5)
Ken = (exp — (AG,q/RT)) (6)

In the aforementioned equations, the variable E represents
the total electronic energy for each structure being studied.
Essse, on the other hand, denotes the basis set
superposition correction. The variable H encompasses the
total energy of the evaluated materials along with the
thermal correction of enthalpy. Similarly, G symbolizes
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the total energy plus the thermal correction of the Gibbs
free energy, as described in reference. R refers to the
constant of the ideal gas, while S represents the thermal
correction entropy for the structures under investigation.
Lastly, T corresponds to the temperature, as outlined in
reference [39-42].

These equations, specifically equations 7-12, are
utilized for the computation of several crucial properties.
The bandgap (Eg), chemical hardness (n), chemical
potential (4), maximum charge capacity (ANmax), and
electrophilicity (w) of frontier molecular orbitals are all
calculated using these equations [43].

Es = ELymo — Enomo (7

%AE, = % x 100 ®)
E —F

n= ( LUMO HOMO)/2 9)
E E

W= (Erumo + HOMo)/2 (10)
2

w=H /277 (11)

ANpax = =/ (12)

In the given equations, ELumo represents the energy of the
lowest unoccupied molecular orbital, while Enomo
represents the energy of the highest occupied molecular
orbital. The bandgaps of the Nano-adsorbent and NM-
Adsorbent complexes are denoted as Eg: and Eg,
respectively [44-48].

3. Results and Discussion

The structures of the NA-CgBsNs complexes are
illustrated in Figure 2, showing both the initial and
optimized configurations. This study focused on
investigating the interaction between NA and CgBsNs
across three different configurations in order to determine
the most stable arrangement. In the A-Conformer, the
nanostructure is positioned in close proximity to the ring
of NA, oriented in a parallel manner. Conversely, in the
B-Conformer, the adsorbent is situated near the carboxylic
acid group of NA, also in a parallel orientation. Lastly, the
C-Conformer places the adsorbent near the amine group
of NA. Following geometrical optimization, it was clear
that the adsorbate experienced a noticeable shift towards
the adsorbent in all configurations, indicating a significant
level of interaction between the two [35]. The computed
adsorption energies, as detailed in Table 1, consistently
yielded negative values, suggesting that the adsorption
process is indeed feasible under experimental conditions
[36]. Additionally, a thorough investigation of the
influence of water as a solvent on the adsorption energies
revealed that it has no significant impact on the underlying
interactions [37]. This finding highlights the resilience of
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the adsorption process, regardless of the presence of water
as a solvent. Upon examination, it is clear that the
presence of water has little effect on the modification of
adsorption energies. Following geometric optimizations,
the analyzed structure underwent IR computations,
leading to the determination of minimum and maximum
frequencies as specified in Table 1. All computed
frequencies resulted in positive values, indicating that all
structures under scrutiny represent true local minima. This
result confirms the stability of the examined structures

[38]. Moreover, the table in Table 1 presents dipole
moment values, showcasing significant alterations in the
dipole moment values following the adsorption of NA
onto the surface of CgBsNe. This finding suggests a
notable improvement in the solubility and chemical
reactivity of NA when it is adsorbed on the nanocluster
[39]. Amongst the configurations investigated, C-
Conformer exhibited the most negative adsorption energy
value, indicating that the formation of this configuration
is more favorable than others.

Initial Structures Optimized Structures
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Fig. 2. The initial and optimized structures
Table 1. Structural properties
NO Adsorption Zero-point energy Vmin Vimax Dipole moment
energy (kJ/mol) (kJ/mol) (cm™) (cm™) (Deby)

NA (Gas phase) - 699.67 41.77 4219.09 2.13
NA (Water) -—- 701.97 42.01 4317.28 2.87
CsBeNg (Gas phase) --- 283.50 372.64 1641.03 0
CsBsNg (Water) -— 292.96 374.02 1637.39 0.02
A-Conformer (Gas phase) -81.15 1096.11 17.97 3768.01 5.89
A-Conformer (Water) -66.89 1100.81 19.69 3768.65 6.23
B-Conformer (Gas phase) -45.39 1112.78 11.11 4221.89 7.67
B-Conformer (Water) -33.88 1097.46 11.95 4224.13 8.68
C-Conformer (Gas phase) -107.55 1101.96 11.34 4307.05 9.33
C-Conformer (Water) -88.66 1106.27 13.80 4309.12 9.99
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The thermodynamic parameters reported in Table 2
demonstrate an exothermic and spontaneous interaction
between NA and CsBg¢Ng, as evidenced by the negative
values of AHag and AGag [40]. Furthermore, the study
investigated the impact of temperature and solvent on
these interactions and found that neither factor

Table 2. The calculated

significantly influenced the thermodynamic parameters
[41]. Interestingly, the negative values of ASad suggest
that the adsorption process is unfavourable in terms of
entropy, indicating the aggregation of nanostructures after
the drug adsorption [42].

Thermodynamic parameters

Structure-phase-Temperature (K) AHaq (kJ/mol) AGaq (kJ/mol) ASaq (J/mol)

A-Conformer-gas-298
A-Conformer-gas-308
A-Conformer-gas-318
A-Conformer-Water-298
A-Conformer-Water-308
A-Conformer-Water-318
B-Conformer-gas-298
B-Conformer-gas-308
B-Conformer-gas-318
B-Conformer-Water-298
B-Conformer-Water-308
B-Conformer-Water-318
C-Conformer-gas-298
C-Conformer-gas-308
C-Conformer-gas-318
C-Conformer-Water-298
C-Conformer-Water-308
C-Conformer-Water-318

-101.81 -45.69 -184.44
-100.01 -39.82 -62.33
-98.22 -33.95 -189.56

-8.83 -45.70 -178.65

-7.03 -38.57 -181.22

-5.23 -31.46 -184.77
-69.62 -18.90 -166.25
-67.81 -14.92 -168.81
-66.01 -10.93 -171.38
-58.11 -7.40 -176.76
-56.32 -5.49 -174.62
-54.51 -3.59 -177.19
-127.21 -71.10 -179.29
-125.41 -67.89 -181.85
-123.61 -64.68 -184.42
-117.32 -71.10 -172.44
-115.53 -65.69 -175.01
-113.72 -60.28 -177.57

The data presented in Table 3 provides clear evidence of
the significant impact of NA adsorption on the properties
of CgBsNe. It is evident that the bandgap of CsBeNs
undergoes a notable shift from 8.09 eV to 5.46, 6.07, and
6.32 eV for A, B, and C conformers, respectively,
indicating a substantial alteration in bandgap during the
adsorption process. This observation suggests that the
evaluated nanocluster has the potential to serve as an
effective modifier for electrocatalytic detection of NA.
Furthermore, it is noteworthy that the chemical hardness
of NA experiences a considerable decrease upon

interaction with CgBgsNg, implying an enhanced chemical
reactivity. The increasing of chemical potential also
confirms it. Additionally, when NA interacts with the
CsBsNs surface, it leads to a noticeable decrease in both
electrophilicity and maximum transferred charge
capacity, implying a lower tendency for electron
absorption. In summary, these results strongly indicate
that NA-CsBsNs complexes demonstrate elevated
chemical reactivity compared to pure NA without a
nanostructure present.

Table 3. The calculated FMO parameters

NO Enomo ErLumo (eV) Eg (eV) %AEg n (eV) u(eV) o (eV) ANmax
(eV) (eV)
NA -5.61 4.87 10.48 5.4 -0.37 0.01 0.07
CsBeNo -5.62 2.47 8.09 4.05 -1.58 031 0.39
A-Conformer .45 3.01 5.46 -32.46 2.73 0.28 0.01 20.10
B-Conformer .87 3.20 6.07 2497 3.04 0.17 0.00 -0.05
C-Conformer 3.0 331 6.32 -21.88 3.16 0.15 0.00 -0.05
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5. Conclusion

The research conducted an examination of the
effectiveness of CsBsNg nanocluster in serving as both an
adsorbent and sensor for the removal and detection of NA
through the use of density functional theory computations.
The results of the study demonstrated that there is a
feasible, exothermic, and spontaneous interaction between
NA and CsBsNg, thereby indicating the potential of
CsBsNg as an efficient adsorbent for the removal of NA.
Furthermore, the research delved into investigating the
influence of water as the solvent and varying temperature
on the thermodynamic parameters, ultimately revealing
that these factors did not significantly impact the
interactions. In addition, the Frontier Molecular Orbital
(FMO) analysis unveiled noteworthy changes in the
bandgap of CsBsNe from 8.09 (eV) to 5.46 (eV) (-32.46%)
during the adsorption process, thus suggesting its potential
utility as an effective electrocatalytic modifier for the
electrochemical detection of NA. The study also discussed
other FMO parameters in detail. In conclusion, this study
provides valuable insights into the potential use of CsBsNs
as an efficient adsorbent and sensor for the removal and
detection of NA.
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