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Abstract: This study aimed to remove carbamazepine from aqueous solutions, using functional silica
phenylamine (SiBN), which is characterized and showed excellent chemical and thermal stability.
Adsorbents based on silica were developed due to their unusually large surface area, homogenous
pore structure, and well-modified surface properties, as silica sparked tremendous interest. It was
determined to develop a novel silica adsorbent including phenylamine and amide (SiBCON). The
adsorbents obtained were analyzed by various spectroscopy devices, including SEM, FT-IR and
TGA analysis. The maximum removal rates for carbamazepine were 98.37% and 98.22% for SiBN
and SiBCON, respectively, when optimized at room temperature, pH 9.0, initial concentration of
10 mg·L−1 and contact time of 15 min. Theoretical tools are widely used in the prediction of the power
of interactions between chemical systems. The computed data showed that new amine modified
silica is quite effective in terms of the removal of carbamazepine from aqueous solution. Calculation
binding energies and DFT data showed that there is a powerful interaction between amine-modified
silica and carbamazepine.

Keywords: carbamazepine; amine-modified silica; adsorption; phenylamine; regeneration

1. Introduction

Pharmaceutical companies produce medicines, antibiotics, lipid regulators, etc., which
have become used in our daily life for the health treatment of both animals and humans.
According to World Health Organization (WHO) in 2017, more than USD 1135 billion
was spent on prescription medications [1]. Over the past decades, pharmaceuticals have
emerged in aquatic environments as an environmental issue [2].

Chemosensors 2022, 10, 76. https://doi.org/10.3390/chemosensors10020076 https://www.mdpi.com/journal/chemosensors

https://doi.org/10.3390/chemosensors10020076
https://doi.org/10.3390/chemosensors10020076
https://doi.org/10.3390/chemosensors10020076
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0003-2410-8430
https://orcid.org/0000-0001-9074-0122
https://orcid.org/0000-0002-0322-5665
https://orcid.org/0000-0002-5062-6904
https://orcid.org/0000-0001-6194-1590
https://orcid.org/0000-0001-6702-2878
https://orcid.org/0000-0003-0225-5712
https://doi.org/10.3390/chemosensors10020076
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors10020076?type=check_update&version=1


Chemosensors 2022, 10, 76 2 of 15

Among the most used, the antiepileptic drug carbamazepine (CBZ) [3,4], is one of
the compounds considered non-biodegradable in the environment, because is not fully
assimilated by humans and it is released to the media, and mainly accumulated in the
aquatic system [5]. Due to its high stability, the concentration of CBZ is observed to
be more than 12 times greater than that of other pharmacological preparations [6]. The
largest source of pharmaceuticals in aquatic ecosystems was discovered to be wastewater
treatment plant effluents [7], and this was due to wastewater treatment plants’ inability to
remove micro contaminants. In wastewater treatment plants, the highest proportion of CBZ
removal was 65.6% [8,9]. As a result, the discharge of effluents from wastewater treatment
plants into the environment might result in the formation of micropollutants [10]. To
minimize micropollutants in surface waters, adequate post-treatment is required. There are
several technological treatments to deal with this concern, because CBZ was classified as a
potentially harmful compound for aquatic organisms by Council Directive 92/32/EEC [11].
Extraction models were used for this aim; water-soluble proteins extracted from Moringa
stenopetala seeds were used for the extraction of non-steroidal anti-inflammatory drugs
(NSAIDs) and CBZ drugs in pharmaceutical wastewaters [12]. Nanoparticles obtained from
hematite were using to remove CBZ [13]. Remediation, which involves the transformation
of this pollutant to non-toxic levels, offers advantages over the conventional remediation
methods. Metal–organic frameworks (MOFs) were compared with a commercial activated
carbon (F400) to remove CBZ from aqueous solution, showing a removal performance of
up to 85% [14].

Wastewater passed through a granulated activated carbon and treated by means
the Fenton reaction resulted in an overall CBZ removal of 99.5% [15]. To obtain a to-
tal removal of CBZ, the Fenton reaction was performed together a flexible bifunctional
nano-electrocatalytic textile material, Fe3O4-NP@CNF, and the mineralization of CBZ was
completed in water [16]. Conventional ozonation was used to transform CBZ in oxalic
and formic acid [17]; when supported by NiO, it was sufficient to remove it completely
to be mineralized [18]. Photodegradation of CBZ by a solar/Cl2/carbon nitride system
demonstrated a considerable degradation of carbamazepine, as high as 97.8%, which was
more than twice that of the solar/Cl2 system (43.8%) [19,20].

Adsorbents are considered an alternative to all techniques previously described, be-
cause they are low cost and easy to use and have demonstrated no risk to humans, and
pollutants are retained on the adsorbent surface because they are not released to the envi-
ronment. Adsorbents based in silica structure have been proposed to remove diclofenac
and CBZ by hexagonal mesoporous silicate, and were proposed with immobilized amine
and mercaptan functional groups on their surface; the results improved when compared
with the homologues mesoporous silicates Santa Barbara Amorphous-15 (SBA-15) and
MCM-41, when tested together with powdered activated carbon [21]. The success of this
materials is based on their high porosity, an ordered structure of pores correlated with the
high volume, which improves their adsorption capacity. Additionally, the easiest surface
functionalization, based on the high-density presence of organosilane functional groups,
susceptible to be modified according to the molecules to be trapped [22,23]. These cova-
lently ligand-bonded organic functional groups are usually highly stable and resistant to
removal from the surface using organic solvents or water [24]. To this end, a great number
of organic molecules were immobilized on silica gel surface, xylenol orange [25].

The aim of this study is to study the remediation of CBZ by an amine-based silica gel
from aqueous solution and supported by theoretical studies.

2. Materials and Methods
2.1. Chemicals

Silica gel, with an average pore diameter of 60 and particle size ranging from 72 to
233 mesh, was activated by heating at 165 ◦C (24 h). (3-amino) propyltrimethoxysilane
(APTMS, 97%,) and carbamazepine (CBZ, 99.9%) were purchased from Janssen Chim-
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ica without further purification. Stock solutions of CBZ (50 mg·L−1) were prepared in
Milli Q water.

2.2. Preparation of Phenyl-Amide-Substituted Silica
2.2.1. Preparation of Silica-Gel-Immobilized Propylamine (SiPr)

APTMS in the presence of dry toluene interacts with activated silica gel (SiG) to gener-
ate amino groups linked to the silica surface [26]. 4-Aminobenzaldehyde was subsequently
reacted with NH2 groups on the silica surface (for 12 h at RT), yielding the novel material
SiBN using anhydrous diethyl ether as a solvent.

2.2.2. Synthesis of Phenylamine-Substituted Silica

As indicated in Scheme 1, activated silica gel (SiG) (2 g) was treated with APTMS
(SiPr) to produce the SiBN adsorbent (0.83 g). The material was washed with toluene
to generate amino groups on the surface of SiG. The NH2 groups on the silica surface
were then reacted with 4-aminobenzaldehyde (0.25 g) at RT under moderate circumstances
(shaking for 12 h) using anhydrous diethyl ether (100 mL) as the solvent to generate a new
SiBN adsorbent [9]. SiBCON nanocomposite was prepared as shown in Scheme 1. Amine
(SiBN) (0.09 g) and acid (acetic acid) (0.09 mL) were added to THF (9 mL) at 0 ◦C, and then
dicyclohexylcarbodiimide (DCC) (0.18 g) was added. The mixture was left to stir for 48 h at
room temperature. Then, the product was taken after two days and washed with a small
amount of the following substances: EtOAc, NaHCO3, HCl and brine (0.9%). The organic
layer was dried with MgSO4 [27].
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2.3. Adsorption Experiments

Experiments were carried out using SiBN and SiBCON dosages of 10.0 mg. Here,
10 mL of various initial CBZ concentrations (5–50 mg·L−1) water solutions were added
and mechanically stirred at 200 rpm in an orbital incubator (Gallenkamp, model INR-250,
Loughborough, Leicestershire, UK). The samples were held at various test temperatures
(25–55 ◦C) for a contact time ranging between 5 and 120 min to achieve the equilibrium.
HPLC was used to measure CBZ equilibrium concentrations. The absorbance readings for
a variety of known concentrations of CBZ solutions were used to create a calibration curve.
At pH levels ranging from 2 to 12, the influence of pH on the amount of CBZ removed
was studied. The initial concentrations’ pH levels were modified by the addition of NaOH
and HCl (0.1M). The following Equations (1) and (2) were used to compute equilibrium
concentrations of retained CBZ on the adsorbent phase qe (mg·g−1) [28]:

qe =
V(Co − Ce)

W
(1)
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where Co (mg·L−1) is the metal concentration in the solution prior to treatment, Ce (mg·L−1)
is the metal concentration in the solution following treatment, V (L) is the volume of the
solution, and W (g) is the adsorbent dosage. CBZ elimination efficiency was determined
using the following formula:

%R =
(Co − Ce)

Co
∗ 100 % (2)

2.4. Adsorption Kinetics

To establish the kinetics and rate determination stages, different models were utilized.
These models demonstrate the adsorption system’s efficacy and the rate of removal of a
given component via the usage of a specific adsorbent. Furthermore, it indicates whether
the adsorption process is chemical in nature and what stage influences the pace. A pseudo-
kinetic first/second model, for example, is a popular example of an adsorption kinematic
model. This was the first model designed to describe kinetic energy for the adsorption
reaction. The following equations express the pseudo-first-order Equation (3) [29]:

log(qe − qt) = log qe −
(

K1

2.303

)
t (3)

where qe and qt are the quantities of the analyte absorbed (mg·g−1) and K1 is the pseudo-
first-order rate constant for adsorption (min−1). K1 may be determined by plotting the
values of Log (qe − qt) as the y-axis vs. values of t as the x-axis. This form of kinetic
implies that chemical adsorption is the rate-determining phase, which includes valence
attraction between the adsorbate and the adsorbent through electronic exchange/sharing.
The equation for this kinetic model type is:

t
qt

=
1
qe

t +
1

K2q2
e

(4)

where K2 is the rate constant for adsorption pseudo-second-order (g·mg−1·min−1). By
plotting a linear relationship between the values of t/qt as the y-axis and values of t as the
x-axis, we can derive (1/K2 qe

2) from the y-intercept and (1/qe) which equals the slope of
the graph. The intraparticle diffusion model is shown in Equation (5).

qt = Kidt0.5 + C (5)

where Ci is the thickness of the boundary layer and Kid is a constant. A plot of qt vs. t0.5

revealed a straight line with a high correlation coefficient (R2), indicating that the intra-
particle diffusion model may be applied to all three types of experimental data. The data
fitting using the intra-particle diffusion model shows two different areas, indicating that
the diffusion process involves two steps: exterior mass transfer or boundary layer diffusion
and intra-particle or micropore diffusion [30].

2.5. Adsorption Isotherms

The isotherm models are useful because they depict the mechanism of interaction
between adsorbents and adsorbate. The two most popular models for this purpose are
the Langmuir and Freundlich [31,32]. The Langmuir model (Equation (6)) assumes the
formation of an adsorbate monolayer on a homogenous surface of an adsorbent:

Ce

qe
=

1
qm

Ce +
1

qmKL
(6)

where Ce denotes the adsorbate concentration at equilibrium (mg·L−1), qe denotes the
maximal capacity of monolayer coverage (mg·g−1), and KL denotes the Langmuir isotherm
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constant (L·mg−1). The Freundlich isotherm is used to describe adsorption on a heteroge-
neous surface (Equation (7)):

ln qe =
1
n

ln Ce + ln KF (7)

KF, on the other hand, is a constant reflecting the adsorbent’s capacity (mg·g−1). n is a
coefficient that indicates the preferred adsorption process (gL−1), and 1/n is an indicator of
the adsorption process’s favorability. If 1/n is << 1, the adsorption is normal. If (10 > n > 0),
this contributes to a favorable adsorption process.

2.6. Adsorption Thermodynamics

The thermodynamic study examines enthalpy (∆H), free energy ∆G, and entropy ∆S.
Thermodynamic characteristics are required to determine if the process is spontaneous or
not. Gibb’s free energy change is an illustration of the spontaneity of a chemical reaction.
Gibb’s free energy of the process must be calculated using both enthalpy and entropy
components, as shown in the van’t Hoff equation (Equation (8)). The thermodynamic study
was performed by studying enthalpy, free energy, and entropy.

ln Kd = −∆H
◦

RT
+

∆S
◦

R
(8)

2.7. FT-IR, TGA, Adsorption and SEM

An infrared spectrophotometer was used to collect FT-IR spectra, and the BET equation
was used to determine a specific region of the modified silica. After purifying the material
in a stream of dry nitrogen, nitrogen adsorption was obtained using the Thermoquest
Sorpsomatic 1990 analyzer. On the TGA Q50 V6.7 Build 203, mass loss measurements
were performed with a heating rate of 10 ◦C minimum and −190:10 atmospheres of oxy-
gen/nitrogen. Scanning electron microscopy was used to examine the surface morphology
of SiBN and SiBCON (SEM, Hitachi S-2600N, 5.0 kV. Ontario, Canada). The solid samples
were scattered over adhesive carbon tape that was held in place by metallic disks.

2.8. Computational Details

To evaluate chemical reactivity of carbamazepine and corresponding adsorbents,
we applied the conceptual density functional theory (CDFT). CDFT provides a qualita-
tive understanding and quantitative predictions of chemical reactivity through quantum
descriptors [33]. Descriptors such as chemical potential (µ), electrophilicity (ω), electroneg-
ativity (χ), softness (η), and hardness (η) provide important insights about the stability of
the electron-donating and electron-accepting capabilities of chemical systems [34]. Math-
ematical definitions of the mentioned parameters in CDFT can be understood from the
following formulae [35].

µ = −χ =

[
∂E
∂N

]
ν(r)

= −
(

I + A
2

)
(9)

η =
1
2

[
∂2E
∂N2

]
ν(r)

=
I − A

2
(10)

σ = 1/η (11)

ω = µ2/2η = χ2/2η (12)

In the given equations, E, N, I and A represent the total electronic energy, the number
of electrons, ground state ionization energy and ground state electron affinity of a chemical
system, respectively. According to Koppman formalism [36], the negative values of HOMO
and LUMO orbital energies are almost equivalent to ionization energy and electron affinity,
respectively. We used density functional theory for theoretical investigations of the non-
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covalent interaction of two adsorbents (SiBN and SiBCON) with carbamazepine. In the
present study, we used density functional theory for the theoretical investigation of non-
covalent interaction of both sensing systems (SiBN and SiBCON) with CBZ [37–39]. All
calculations were performed at the B3LYP/6-311G** level of theory with GAMESS-US
software. This method is commonly used to describe both carbamazepine [40,41] and
silicon nanostructures [42,43]. Dispersion corrections, D3, proposed by Grimme were
added. Interacting molecules were placed in water solution, simulated with polarized
continuum model (PCM) implemented in GAMESS-US [44,45].

3. Results and Discussion
3.1. Adsorbent Characterization

Nitrogen adsorption and adsorption isotherms were measured at 77 K, and accordingly,
the specific surface area of BET for SiBN and SiBCON was calculated using low-temperature
nitrogen adsorption/desorption isotherms data based on the absorption data at P/P0 from
0.05 to 0.2. It has been determined as 2.47 m2·g−1. Pore size and mean pore size were
calculated by the BJH model [46]. The pore sizes of SiBN and SiBCON were determined as
2.45 × 10−2 and 2.7 × 10−2 cm3·g−1, respectively. The pore diameter was measured to be
3.5 and 3.64 nm. As a result, SiBN and SiBCON materials with pore sizes ranging from 2 to
50 nm are categorized as porous [47].

3.2. SEM Analysis

SEM images of the modified silica show a rough and enhanced porous character,
indicating that the material has a high potential for CBZ use. After activating the pristine
SiG (Figure 1A), the reaction with APTMS revealed that it was bound, resulting in a
smoothed surface (Figure 1B, a material with a porous structure and a specific functional
group on the surface with an irreversibly bound amino group. After reaction with 4-
aminobenzalehyde, the morphology of the obtained SiBN microparticles was observed
(Figure 1C; 50 µm scale). Additionally, the clear micro/nano structure after reaction with
DCC to obtain SiBCON is shown in Figure 1D.
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3.3. FT-IR Analysis

FT-IR measurements were performed to provide further evidence for SiBN and SiB-
CON. Figure 2A also shows the FT-IR spectra of SiBN at about 1500 cm−1 corresponding to
the vibrations of C=N and C=C. SiBCON was about 1640 cm−1 with C=O vibrations, but
acetic acid exhibited the characteristic carbon dioxide peak at 1755 cm−1 and 1703 cm−1.
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3.4. TGA Analysis

Throughout the study, N2 (10 ◦C min−1) was used for thermogravimetric analysis.
The results demonstrate that SiBN is stable and exhibits no weight loss at temperatures
less than 600 ◦C; however, SiBCON exhibits weight loss at temperatures about 170 ◦C. This
demonstrates the presence of a functional group (Figure 2B).

3.5. Adsorption Study
3.5.1. Effect of Contact Time

The contact time required between adsorbent/adsorbate to allow direct and dynamic
contact for the saturation state was investigated. It is critical to predict the contact time
required for optimum CBZ removal, because this provides information about the kinetics
of the adsorption reaction and how quickly the process occurs. This was achieved by
dissolving 0.02 g of adsorbent in 10 mL of 10 ppm initial concentration of CBZ solution
with no pH modifying at room temperature then taking a sample to analyze each period
(5, 10, 15, 20, 25, and 30 min). The measurement was made on HPLC instrument; Figure 3
shows the effect of contact time on CBZ removal. As shown in the graph, 15 min was
the best time for CBZ removal using SiBN and SiBCON, with adsorption increasing from
45.88% to 74.36% and 40.85% to 72.86%, respectively, and no further high effect on CBZ
concentration with additional contact time. Thus, for the two adsorbents, 15 min is the best
contact time (Figure 3A).

3.5.2. Effect of pH

The pH of the solution highly affected the adsorption process; therefore, it was an
important parameter to study. This was achieved by plotting the percentage removal of CBZ
as a function of pH to find at which pH value the maximum adsorption occurred. pH has
been studied (2–11), by taking 0.02 g of adsorbent with 10 mL of 10 ppm of adsorbate initial
concentration at room temperature, considering the optimum time required. It was clear
that the reaction favored the alkaline medium at a high pH value of both adsorbents (SiBN
and SiBCON) and the removal ratio increased sharply between 4 and 8, then increased
further until it reached pH 9; then, there was no longer an increase in adsorption (Figure 3B).
This adsorption favored the alkaline medium as the removal was raised from 55.96% and
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53.87% at pH 2 to 89.84% and 88.89% at pH 9, respectively; for further studies, pH 9 was
chosen as the optimum parameter.
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3.5.3. Effect of Temperature

The optimal conditions for other parameters were considered while studying the
influence of temperature on the removal effectiveness of CBZ when utilizing the two
adsorbents, SiBN and SiBCON. In general, when the temperature rises, the adsorption
effectiveness rises as well. As demonstrated in Figure 3C, the adsorption of CBZ when the
two adsorbents (SiBN and SiBCON) were used increased as the temperatures rose from 4 ◦C
to 35 ◦C and 4 ◦C to 25 ◦C, respectively; then, the efficiency of removal remained constant
with further increases in temperature, such that the percentage removal of CBZ at the
optimum temperature was 98.37% in SiBN and 97.98% in SiBCON, then remained nearly
constant, with the high temperature of the solutions increasing the adsorption efficiency,
indicating endothermic processes at 35 ◦C for SiBN and 25 ◦C for SiBCON which were
taken as the optimum temperatures in further tests for the adsorption of CBZ.

3.5.4. Effect of Initial Concentration

The adsorbent has a maximum adsorption capacity for CBZ due to its limited adsorp-
tion sites on its surface; there is a suitable initial concentration to start with, to achieve
the optimum removal as a high percentage of removal by plotting it as a function of the
initial concentration of CBZ. This was accomplished by using 10 mL of 5 different starting
concentrations of CBZ standard solution (1, 5, 10, 20, 30 mg·L−1) and treatment for 15 min
at (25 ◦C) with a constant adsorbent dosage of 0.02 g (pH 9). The percentage removal
decreased as the starting concentration increased from 2 to 10 mg·L−1. The maximum
removal was taken as 98.37% for SiBN and 98.22% for SiBCON at the initial concentration of
10 mg·L−1, even though it was still constant for the lower concentrations (1 and 5 mg·L−1),
whereas it was just 57.84% for SiBN and 53.21% for SiBCON in the 30 mg·L−1 solution
(Figure 3D).

3.5.5. Kinetic Models and Adsorption Isotherms

Adsorption of CBZ on SiBN and SiBCON followed the mechanism of a pseudo-second-
order kinetic model, because the R values in this kinetic model are approximately 1, as
shown in Figure 4. The kinetic parameters of the pseudo-(first/second)-order and IPD
kinetic models of CBZ adsorption on SiBN, SiBCON, and Figure 4 are shown in the table
below. As shown in Figure 4, and as stated in Table 1, the predicted qe for the pseudo-
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second-order tar absorbers is extremely close to the experimental value. When compared
with the spurious first-order modeling, the second-order modeling provided a satisfactory
match with adsorption.

Chemosensors 2022, 10, x FOR PEER REVIEW  9  of  16 
 

 

effectiveness rises as well. As demonstrated in Figure 3C, the adsorption of CBZ when the 

two adsorbents (SiBN and SiBCON) were used increased as the temperatures rose from 4 

°C to 35 °C and 4 °C to 25 °C, respectively; then, the efficiency of removal remained con‐

stant with further increases in temperature, such that the percentage removal of CBZ at 

the optimum  temperature was 98.37%  in SiBN and 97.98%  in SiBCON,  then  remained 

nearly constant, with the high temperature of the solutions increasing the adsorption ef‐

ficiency, indicating endothermic processes at 35 °C for SiBN and 25 °C for SiBCON which 

were taken as the optimum temperatures in further tests for the adsorption of CBZ. 

3.5.4. Effect of Initial Concentration 

The adsorbent has a maximum adsorption capacity  for CBZ due to  its  limited ad‐

sorption sites on its surface; there is a suitable initial concentration to start with, to achieve 

the optimum removal as a high percentage of removal by plotting it as a function of the 

initial concentration of CBZ. This was accomplished by using 10 mL of 5 different starting 

concentrations of CBZ standard solution (1, 5, 10, 20, 30 mg∙L−1) and treatment for 15 min 

at (25 °C) with a constant adsorbent dosage of 0.02 g (pH 9). The percentage removal de‐

creased as  the  starting concentration  increased  from 2  to 10 mg∙L−1. The maximum  re‐

moval was taken as 98.37% for SiBN and 98.22% for SiBCON at the initial concentration 

of 10 mg∙L−1, even though it was still constant for the lower concentrations (1 and 5 mg∙L−1), 

whereas  it was  just 57.84%  for SiBN and 53.21%  for SiBCON  in  the 30 mg∙L−1 solution 

(Figure 3D). 

3.5.5. Kinetic Models and Adsorption Isotherms 

Adsorption of CBZ on SiBN and SiBCON followed the mechanism of a pseudo‐sec‐

ond‐order kinetic model, because the R values in this kinetic model are approximately 1, 

as shown in Figure 4. The kinetic parameters of the pseudo‐(first/second)‐order and IPD 

kinetic models of CBZ adsorption on SiBN, SiBCON, and Figure 4 are shown in the table 

below. As shown in Figure 4, and as stated in Table 1, the predicted qe for the pseudo‐

second‐order tar absorbers is extremely close to the experimental value. When compared 

with the spurious first‐order modeling, the second‐order modeling provided a satisfac‐

tory match with adsorption. 

 

Figure 4. (A) Pseudo‐first‐order kinetic; (B) pseudo‐second‐order kinetic and (C) intraparticle dif‐

fusion for the adsorption of CBZ. 

Table 1. Pseudo‐first/second‐order and intraparticle diffusion models. 

Adsorbents 

Adsorption Kinetic Models 

  Pseudo‐First‐Order  Pseudo‐Second‐Order  IPD 

qe EXP.  qe (mg/g)  K1 (mg∙g−1min−0.5)  R2  qe (mg/g) 
K2 

(mg∙g−1min−1) 
R2  Z (mg/g)  Kid (mg∙g−1min−0.5)  R2 

SiBN  148  78  0.14  0.70  148  1.86  0.99  −16.29  28.81  0.95 

SiBCON  141  98  0.12  0.69  143  1.52  0.099  −11.065  26.58  0.93 

Figure 4. (A) Pseudo-first-order kinetic; (B) pseudo-second-order kinetic and (C) intraparticle diffu-
sion for the adsorption of CBZ.

Table 1. Pseudo-first/second-order and intraparticle diffusion models.

Adsorbents

Adsorption Kinetic Models

Pseudo-First-Order Pseudo-Second-Order IPD

qe EXP. qe (mg/g)
K1

(mg·g−1min−0.5)
R2 qe (mg/g)

K2
(mg·g−1min−1)

R2 Z (mg/g)
Kid

(mg·g−1min−0.5)
R2

SiBN 148 78 0.14 0.70 148 1.86 0.99 −16.29 28.81 0.95
SiBCON 141 98 0.12 0.69 143 1.52 0.099 −11.065 26.58 0.93

3.5.6. Equilibrium Modeling

The Langmuir and Freundlich isotherms (Figure 5A,B) are most often employed to
depict equilibrium data for CBZ adsorption on three adsorbents studied at 25 ◦C for 30 min
with an adsorbent weight of 30 mg·L−1. The equilibrium research was carried out to
elucidate the mechanism of the adsorption process, such as that proposed by Langmuir
and Freundlich, who postulated the adsorption of adsorbate as a function of equilibrium
concentration. The Langmuir isotherm best depicts the monolayer adsorption of a solute
from solution onto an adsorbent surface with a limited number of active sites. Equation (6)
depicts the linear version of the Langmuir isotherm model. Table 2 displays the findings of
the models. Using Equation (13), a dimensionless constant, RL, was computed.

RL =
1

(1 + KL C0)
(13)
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Table 2. Langmuir and Freundlich models for the CBZ adsorption onto three adsorbents.

Adsorbents

Equilibrium Isotherm Models

Langmuir Isotherm Freundlich Isotherm

Qo (mg/g) KL (L/mg) R2 RL KF (mg/g) 1/n (Lg−1) n (g/L) R2

SiBN 12.78 12.22 0.983 0.45 8.414 0.34 2.93 0.52
SiBCON 18.45 4.9 0.996 0.67 8.302 0.33 2.952 0.52

C0 is the initial concentration, KL is the constant linked to adsorption energy (Langmuir
constant); the RL value shows the isotherm shape to be unfavorable if RL > 1, linear if RL = 1,
favorable if 0 > RL > 1, or irreversible if (RL = 0). The Freundlich isotherm considers the
heterogeneous surface and non-uniform heat of sorption distribution. It is most used to
describe the multilayer adsorption process (Equation (7)). R2 has values of approximately 1
when manufactured as a Langmuir model, which indicates that the adsorption of CBZ on
three adsorbents is related to the adsorption of Langmuir, as shown in Table 2.

3.6. Thermodynamic Study

As shown in Table 2, the adsorption of CBZ on SiBN and SiBCON is an endothermic
process (∆H > 0), which gives a high percentage of removal with increasing temperature,
as well as spontaneously (∆G < 0). Moreover, both processes tend towards more chaos
because the entropy coefficient has a positive value (∆S > 0).

Table 3 and Figure 6 show the adsorption thermodynamics for the adsorption of CBZ.
The adsorbents had negative ∆H values of 82.85 and 169.10 kJ·mol−1 for SiBN and SiBCON,
respectively, indicating that the adsorption is endothermic. Positive ∆S values for CBZ on
SiBN and SiBCON indicated some order on adsorbent surfaces. Meanwhile, the reaction’s
spontaneous sorption character was indicated by negative values of ∆G, i.e., −18.18 and
−16.82 kJmol−1, for CBZ on SiBN and SiBCON, respectively.

Table 3. Thermodynamics for the adsorption of CBZ at 25 ◦C.

Adsorbents
Adsorption Thermodynamic

∆H (KJ) ∆S (J/K) ∆G (25 ◦C) (KJ)

SiBN 82.85 217.46 −18.18
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Figure 6. Van’t Hoff plot for the adsorption of carbamazepine on SiBN and SiBCON.



Chemosensors 2022, 10, 76 11 of 15

3.7. Theoretical Calculation

Molecular models of both adsorbents (SiBN and SiBCON) and CBZ are presented in
Figure 7A–I. Their calculated properties are collated in Table 4. We optimized four different
initial configurations for each adsorbent (SiBN and SiBCON) with carbamazepine. Binding
energies Eb were calculated via the following equation:

Eb = E(CBZ) + E(adsorbent)− E(complex) (14)
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Figure 7. (A) Structure; (B) HOMO and (C) LUMO orbitals for the SiBN molecular model; (D) Struc-
ture; (E) HOMO and (F) LUMO orbitals for the SiBCON molecular model; (G) Structure; (H) HOMO
and (I) LUMO orbitals for CBZ. Grey, white, blue, red and yellow balls represent carbon, hydrogen,
oxygen, nitrogen and silicon atoms, respectively.

Table 4. Calculated properties of adsorbents (SiBN and SiBCON) and CBZ. Dipole moments are
presented with/without the inclusion of PCM surface charges.

System HOMO (eV) LUMO (eV) Gap (eV) χ (eV) η (eV) w (eV) D (Debye)

SIBN −5.12 −1.39 3.73 3.25 1.86 2.84 8.01/0.35
SiBCON −6.11 −1.43 4.68 3.77 2.34 3.03 8.25/0.47

CBZ −6.10 −1.60 4.50 3.85 2.25 3.29 5.33/0.18
SiBN + CBZ 0.41 −4.81 −1.49 3.15 1.66 2.98 5.92/0.19

SiBCON + CBZ 0.59 −5.80 −1.48 3.64 2.16 3.06 8.55/0.33
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The most stable complexes with the highest binding energies were selected. Their struc-
tures and properties are presented in Figure 8A–F and Table 4. Quantum descriptors provides
predictions of the strength of interactions between CBZ and both adsorbates. Chemical hard-
ness provides important hints for highlighting the nature of the reactions [48,49].
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A high hardness indicates the resistance of the molecule against the polarization of
electronic clouds. There is an inverse relationship between the hardness and polarization,
which showed that the ductility (the multiplicative inverse of stiffness) is proportional to
the cube root of polarizability [50]. The hard and soft acid–base principle (HSAB) states
that “hard acids prefer to coordinate to hard bases and soft acids prefer to coordinate to soft
bases” [51,52]. This means that the mutual compatibility of the molecules is quite important
in terms of obtaining a strong interaction.

The chemical hardness values of SiBCON and carbamazepine are quite close to each
other. The second principle of the electronic architecture proposed around the concept
of stiffness is the maximum hardness principle (MHP) [48,50,51,53]. It is apparent from
Table 4 that the SiBCON + CBZ system is harder compared with the SiBN + CBZ system.
This observation also supports the power of the interaction between SiBCON and carba-
mazepine. Another method of predicting the interaction between chemical systems is to
calculate the binding energies.

High binding energies are important for explaining the nature of chemical interactions.
The calculated binding energies for SiBCON + CBZ and SiBN + CBZ systems are 0.59 and
0.41 eV, respectively. Therefore, HSAB, MHP and the calculated binding energies confirmed
that SiBCON interacts with CBZ more strongly than SiBN. This conclusion is consistent
with the experimental observations.

4. Conclusions

The preparation of silica-based adsorbents has piqued the interest of many researchers
in recent years due to their remarkably wide surface area, homogenous pore structure, and
well-modified surface properties. Furthermore, once the adsorption is saturated, it can be
repeated several times. Functional silica with SiBN and SiBCON reversed the result for the
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adsorption of CBZ and were highly efficient, because both had good adsorption capacity
and the rate of removal was increased under optimum conditions: (1) room temperature,
(2) pH 9.0, (3) 10.0 ppm initial concentration, and (4) contact time of 15 min. Thus, it can be
used as an ideal adsorbent of CBZ from wastewater. Another important feature of those
adsorbents, SiBN and SiBCON, is that the adsorption process is an endothermic process
(∆H > 0), which gives a high percentage of removal with increasing temperature, as well
as spontaneously (∆G < 0), which makes them novel to be used in hot areas. Moreover,
both processes tend towards more chaos because the entropy coefficient has positive
values (∆S > 0). The results showed that all adsorption processes followed the Langmuir
temperature, and all were favorable (1> RL > 0). The mechanism of all interactions followed
the pseudo-kinetic adsorption class II model. Regarding thermodynamics, the parameters
showed that all processes are endothermic (∆H > 0), favorable and spontaneous (∆G < 0),
and the processes reveal a random increase (∆S < 0), providing the accumulation of CBZ.
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