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ABSTRACT

This work investigated the removal of antibiotic ceftriaxone (CEF) from wastewater using mes-
oporous copper oxide nanosphere as synthesized resulted from calcination organometallic
chelate, and characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, ener-
gy-dispersive X-ray spectroscopy, including the Brunauer—-Emmett-Teller variable surface area,
which was 78.83 m?/g. Scanning electron microscopy got accustomed to quantify the changes on
the surface. CEF was accomplished at pH 7, which is the ideal adsorption setting. The thermo-
dynamic analysis was done at a variety of temperatures between 25°C and 45°C. The thermody-
namic parameters that were obtained highlight a reduction in the adsorption process” endother-
mic, random, and spontaneous. The kinetic studies demonstrated that more than one mechanism
would affect the diffusion of ceftriaxone from the solution into the copper oxide and that the
pseudo-second-order model might provide a better fit of the test findings. According to the iso-
therm investigations, the Langmuir model, having the highest adsorption capacity of 127 mg/g,
provided the best fit to the isotherm curve. Adsorption’s activation energy was also found to be
14.43 KkJ/mol, demonstrating that chemisorption process. It was calculated that the adsorption
mechanism was endothermic as the negativity of AG® was increase with increase the temperature
and spontaneous. Also determine thermodynamic parameter AG®, AH® and AS°. A quick and effi-
cient method of purifying water was found to be the mesoporous copper oxide nanosphere adsor-
bent. Copper oxide nanosphere material has shown promise in the process of removing CEF from
aqueous solution. Surprisingly, the synthesized adsorbent displayed a remarkable recyclability
of >91.2% up to the sixth cycle. According to the findings, CuO can be employed as a ceftriax-
one adsorbent for aqueous mediums at a reasonable cost. On other hand, it was simple to remove

the CuO nanosphere from the solution and regenerate it with washing.
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1. Introduction

The CuO nanosphere may be readily removed from the
solution and cleaned to regenerate it [1-3]. These sorts of
environmental contaminants generate health risks resulting
in the release of APIs (active pharmaceutical ingredients),
enhanced microbial resistance, an increase in the cyto-
toxic potential of chemical substances and metabolites,
a slowing in the oxidation of nitrite and methanogenesis
[4,5]. Ceftriaxone, like other third-generation cephalospo-
rins, is among the most significant antibiotics used to treat
diseases and displays a wide range of gram-positive and
gram-negative bacterial activities. Antibiotics can accu-
mulate in soils and sediments, which can have a negative
impact on the ecosystem’s ability to operate naturally and
slow down the normal degradation of contaminants [6,7].
Additionally, drinking water sources can allow antibiot-
ic-resistant genes to enter, leading to the development of
illnesses. Due to their constant entry into the surroundings,
antibiotics are stable and lipophilic and can linger there for
a very long period. Both high and low concentrations of
antibiotics are harmful [8,9].

Additionally, bacterial resistance may be accelerated by
the persistence and accumulation of antibiotics in water,
that is thought to be one of the primary causes of environ-
mental pollution. Some antibiotics have been labelled as
hazardous and carcinogenic due to their high toxicity and
poor biodegradability [10,11]. Traditional wastewater treat-
ment techniques, such as activated sludge, are insufficient
for completely eliminating active pharmaceutical ingredi-
ents and other wastewater elements. Therefore, using cur-
rent methods, only 60%-90% of antibiotics can be extracted
[12,13]. Owing to the adsorption method’s straightfor-
ward construction, convenience of use, and relatively sim-
ple regeneration, a variety of antibiotics pollutants were
removed from the environment utilizing it [14,15].

Cephalosporins are a class of -lactam antibiotics, as
Edward Abraham and colleagues discovered in 1948
[16,17]. CEF, a third-generation antibiotic from the family of
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cephalosporins, is used to eradicate organisms that typically
exhibit antibiotic resistance. Synthetic fluoroquinolone com-
pounds have earned a reputation as the most popular antibi-
otics for curing bacterial infections that affect both humans
and animals [18-22].

Numerous scientific studies and publications revealed
that the overpopulation issue, as well as the development
in agricultural and animal husbandry activities, has caused
a sharp rise in the production of pharmaceuticals globally,
particularly antibiotics. Public health issues brought on by
pathogens’ antibiotic resistance are still another significant
factor that certain research have mentioned [23,24]. As a
result, it is necessary to lengthen the time that patients
are exposed to and the doses of antibiotics they take
throughout therapy, which necessitates an increase in the
rate at which new medicines are produced [25]. The aver-
age annual production rate of medical chemicals during
the past 10 y has been between 100,000 and 200,000 tonnes.
In actuality, the majority of the substances were antibiot-
ics, which were employed as drugs to treat humans, ani-
mals, and fowl as well as an antibacterial infection agent.
Indeed, considerable amounts of antibiotic residuals were
found in the soil and aquatic ecosystem. The findings of
current research on the potential health effects of drink-
ing water tainted with pharmaceuticals are alarming.
Ceftriaxone (CEF), a broad-spectrum antibacterial drug
that is a member of the so-called “fluoroquinolones class”,
has been used extensively to treat various infectious dis-
eases. This antibiotic’s chemical makeup includes fluo-
rine atoms, which gives it the property of being extremely
stable (having a low degradation rate) [26].

Furthermore, CEF is highly soluble in water (1.35 mg/
mL). Many tests of surface water and municipal waste-
water from various sites across the world contained CEF
residues with concentrations greater than 1 g/L. While its
concentration might reach 150 g/L in the hospital and phar-
maceutical industry’s liquid waste. In actuality, antibiotic
residuals result from their adequate non-metabolism in
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Fig. 1. Adsorption mechanism for CEF is depicted schematically using CuO.
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both human and animal bodies, and they can therefore be
eliminated into municipal industrial effluent through urine
and faeces. Other sources of antibiotic residuals include
distributing out-of-date medications with liquid phar-
maceutical waste, a small amount of veterinary and agri-
cultural wastewater as well as lab and research untreated
sewage. Environmental scientists caution that antibi-
otic residues, particularly those found in water sources
used for drinking, can have harmful impacts on people,
animals, and other living things since they include poi-
sonous and cancerous substances [27]. Reduced fertility,
breast and prostate cancers, prenatal mutations, DNA dam-
age,and damaged lymphocytesareafewimpactsofimproper
antibiotic use that have been observed in humans [28].

To remove pollutants containing pharmaceutical sub-
stances, a variety of techniques, there have been uses for
physical, chemical, biological, and even a combination of
these processes. Nevertheless, it was discovered that sev-
eral of the suggested treatment options have a number of
drawbacks in terms of effectiveness and cost. Owing to its
capacity to effectively remove a number of contaminants
from wastewater in an easy and affordable manner, adsorp-
tion is a widely desired therapeutic approach. Additionally,
this treatment approach does not generate contaminants
while it is being used, in contrast to other procedures like
degradation or chemical oxidation [26,29].

In this research, we investigated how well CuO nano-
spheres removed ceftriaxone (CEF) from aqueous solution.
Waste management to eliminate CEF has become crucial for
the environment as a result of CEF. Additionally, because
of their aromatic structure, they are more stable and more
resistant to degradation. Variety of approaches were rec-
ommended for systematic material characterization of
the CuO nanosphere as it had been produced. Among the
experimental variables looked at were the adsorbent dose,
initial adsorbate concentration, solution, contact time, pH,
and temperature. The experimental equilibrium adsorption
data were examined using both the kinetic and isotherm
models. The thermodynamic parameters were assessed
in order to explain the operation’s process.

2. Materials and methods
2.1. Materials

The ligand and its complex was prepared previously
and illustrated on their synthesis and characterization at
supplementary material [30].

2.2. Preparation of CuO nanosphere

The CuOwas obtained by calcination of [CuCI(OH,)]-2H,0
chelate at temperatures of 450°C, 550°C, and 650°C for 4 h.
This method produces CuO nanosphere quickly and eas-
ily, without utilizing costly, toxic chemicals or sophisticated
machinery [31].

2.3. Characterization of CuO

The instrument and method used in characterization
illustrated in detail at (Supplementary material).

2.4. Preparation of adsorbate

Ceftriaxone with concentration (1 x 10 mol/L) of was
prepared using bidi stilled water during the preparation of
the stock solutions and during the experimental study.

2.5. Adsorption experiments

With 0.02-0.1 g of CuO as the adsorbent, the batch
equilibrium technique was used for the CEF adsorption
investigations with a 25 mL CEF solution (2.51 x 10~ mol/L)
100 min passed with pHs of the solution ranging from 1 to
12 after HCl or NaOH (1 M) adjustments. It was determined
what pH was best and all adsorption processes followed
it. To determine if the equilibrium in adsorption and ideal
CEF removal could be achieved, surveys were performed
over a variety of time intervals. Using a Whatman (num-
ber 40) filter paper used for the filtering of the solution
from any contaminants, the extract was first filtered before
being submitted for quantification (Fig. 1). The concen-
tration of CEF solution was determined at UV-maximum
wavelength, (A ) at 241 nm. In order to get isotherms at
various temperatures (25°C-50°C), CEF adsorption iso-
therms were also conducted utilizing a thermal shaker.
Calibration curves for CEF were developed to link concen-
trations to different absorbances [32].

The (%) removal of CEF and the adsorption capacity
were estimated using Eqs. (1) and (2), respectively:

%Rz(q’cif)xloo 1)

0

where C, is the CEF solution’s initial concentration, C, is the
CEF equilibrium time concentration.

Using the weight balance equation, the adsorption
efficiency was determined [Eq. (2)] (7, mmol/g):

c,-C )V
qg:(OmE) (2)

where m (g) is the CuO adsorbent mass and V (L) volume of
the CEF solution.

3. Results and discussion
3.1. Characterization of CuO
3.1.1. X-ray diffraction patterns

Fig. 2 displays the CuO X-ray diffraction (XRD) data at
various temperatures. CuO formed into a tetragonal struc-
ture with lattice constants, as evidenced by the detected
diffraction peaks linked to well-crystallized CuO where,
4=698 b=1114 and c = 5.112 A, o = 90.0°, B =90° and
v =108.94°. That indicate the existence of CuO in monoclinic
from. The interplanar spacing (d,,,) and Miller indices (hkl) for
CuO are recorded in Table 1 (Space group P21/c, also, forma-
tion energy/atom was —4.5 eV and energy above hull/atom
0.39 eV).

No extra peaks due to contamination were detected, this
considered great evidence of the high purity of the prepared
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Fig. 2. XRD of CuO nanosphere.
Table 1
Crystallographic of CuO
290!)5. (O) zeCalc. (O) dhkl(Obs.) (A) dth(Calc,) (A) (hkl)
32.204 32.16 2.7796 2.7833 040
36.187 36.142 2.4822 2.4852 -112
38.423 38.447 2.3427 2.3414 -202
61.261 61.216 1.5131 1.514 152
64.299 64.323 1.4487 1.4482 113
65.817 65.812 1.4189 1.419 —440
67.766 67.789 1.3828 1.3824 421
72.167 72.215 1.3089 1.3082 =371
77.472 77.412 1.232 1.2328 460
79.697 79.733 1.2031 1.2026 281

CuO. Also, the identical XRD patterns of the CuO samples
at various temperatures may be seen. The crystal planes
(110), (002), (111), (=202), (020), (-113), (-311) and (220) of
bulk CuO can be easily indexed at 260 = 32.24°, 34.89°, 63.37°,
48.65°, 75.31°, 63.4°, 68.5° and 69.66°, respectively. By using
Scherrer formula Eq. (3) the crystallite size (D, A) of the ZnO
nanosphere was calculated [33].

K\

D= 3 Cos0B ®)

At temperatures of 450°C, 550°C, and 650°C, respec-
tively, the CuO crystallite size measured from the high-in-
tensity (101) peak was 22, 29, 32, and 33.35 nm. It is clear that
when temperature rises, the average grain size rises while
the specific surface area decreases. The greater amount of
CuO particle accumulation provides an explanation for these
findings [34].

3.1.2. Brunauer—Emmett-Teller surface area

Because the size and number of pores can significantly
affect a substance’s properties and its capacity for handling,
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Fig. 3. For N, the CuO adsorption/desorption isotherm occurs
at 450°C.

in a porous material, determining the effective surface
area of the holes is extremely important. This is commonly
accomplished by measurement the material’s Brunauer—
Emmett-Teller (BET) area of contact. Surface interactions
occur when a gas interacts with a substance’s outer surface.
BET examinations are based on the probability that a gas
would get poorly attached to a substance’s surface and an
adsorption isotherm that is dependent on physisorption.
Since physisorption is reversible, a gas can swiftly adsorb
and desorb to a substance’s surfaces.

The adsorption isotherm, which measures volume,
is the result of changing pressures of gas being absorbed
while maintaining a constant temperature. Since lig-
uid nitrogen is used to keep the temperature stable, it is
around 77 K. The complete adsorption isotherm graph
can be produced by plotting the amount of gas adsorbed
against the relative pressures. Curves shape of the plot
shows the Type II of porosity existing at substance (Fig. 3)
as well as the sort of pores in the substance. Monolayer-
multilayer adsorption without restriction is represented
by the Type II isotherm. Point B, which marks the start of
the isotherm’s nearly linear middle part, is frequently cho-
sen. The presence of a hysteresis loop is shown by type I
adsorption isotherms for CuO. The two branches are nearly
parallel and virtually vertical in the former throughout a
sizable range of gas uptake, whereas they are nearly hor-
izontal and parallel in the latter over a broad range of p/
p°. As a result, Type HI is frequently linked to porous
materials that are known from other sources to display
limited distributions in pore size because they are com-
posed of aggregates or compacts of roughly uniform
spheres organized in a fairly regular fashion. Adsorption
effectiveness of the sample calcined at 450°C is higher in
our case. Which has a lower crystallitel size and a larger
specific surface area than the others (78.38 m?/g), pore size
2.53 nm which according to IUPAC it will be classified as
mesoporous [35].
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3.1.3. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) was used to
investigate the surface characteristics of CuO nanosphere
(Fig. 4) shows the homogeneous growth of CuO. The cul-
tivated nanostructures are in the form of nanosphere that
were interlinked and created pores and fissures, result-
ing in vast surface areas for rapid dye dispersion on metal
oxide surfaces, SEM photos at greater microscopy demon-
strate this. CuO nanosphere having a diameter about 46 nm
were approved by SEM examination [36,37].

3.1.4. Energy-dispersive X-ray spectroscopy

Owing to its atoms, each material will have its X-ray
spectrum with its unique set of peaks, according to ener-
gy-dispersive X-ray spectroscopy (EDX). To determine what
chemicals composition are in nanospheres, EDX studies
were employed. Peaks for Cu and O were discovered, but no
peaks for impurities, suggesting that CuO had been clean for
a long period (Fig. 5) [36].

3.2. Batch experiments

3.2.1. Effect of pH

The findings regarding the impact of pH show that this
factor controls the adsorption process and influences the
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Fig. 4. CuO nanosphere as seen with a scanning electron
microscope.

level of ionization of contaminants, the adsorbent surface
charge, and other factors. As depicted in Fig. 6, the obvious
from the results of ceftriaxone rises as the initial pH of the
solution rises from 2 to 9. When the pH is increased to 12, the
removal effectiveness falls down, with the highest removal
being shown at a pH of 7. Another explanation for the greater
breakdown of CEF in aqueous environments (6.5-7.5) is the
restricted hydrolytic effects of alkaline pH. On the other
hand, deprotonation and protonation affect the charge of the
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Fig. 6. (a) Employing the adsorbent (CuO) at 450°C, the impact of
pH on CEF adsorption. (b) Zeta potential of CuO.

Fig. 5. EDX spectrum of CuO nanosphere.
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functional groups in CuO, which has an impact on how well
ceftriaxone ions are adsorbed and eliminated. Additionally,
the outcomes demonstrate that the binding of ceftriaxone
ions to CuO nanospheres is predominantly brought on by
the active adsorption sites, primarily Cu and O, in their pro-
ton-free form. The weakly acidic molecules that make up
CEF have pKa values of 3, 3.2, and 4.1 and an early neutral
pH of about 6.7.

In contrast, understanding the adsorption behavior of
CEF on CuO nanoparticles depends on the analysis of the
electrophoretic behavior by determining the zeta potential.
At pH levels under 2, the nanoparticles’ surface zeta poten-
tial is at its lowest (Fig. 6b); therefore, the attraction force
between nanoparticles is stronger than the electrostatic
repulsion force between them. As pH increases, the electro-
static repulsion force between nanoparticles becomes strong
enough to avoid attraction and collisions caused by Brownian
motion because the nanoparticles’ surface’s zeta potential has
increased. With a rise in pH, the absorbency also increases,
this improves the CuO nanoparticles’ stability during scatter-
ing. CuO zeta potential and absorbency increase with a pH
of 8, respectively. The scattering stability of CuO nanoparti-
cles is optimal because the coagulated nanoparticles can be
mechanically redistributed because the electrostatic repul-
sion force between the particles is stronger. As the pH value
rises, more of the reagent used to regulate pH, NaOH, is
present in the system. It causes the electrical double layer to
collapse, resulting in a decrease in the electrostatic repulsion
force and the zeta potential of the nanoparticles” surface as
well as a worse dispersion through nano-suspensions.

3.2.2. Effects of calcination

Investigations were done to determine how CEF
adsorption tests will be affected by CuO calcination

Fig. 7. Influence of CuO calcination temperature on CEF
adsorption.

temperatures of 450°C, 550°C, and 650°C. CuO dose was
0.02 g, and dye solution volume was 25 mL; and concentra-
tion was 1.2 x 10 mol/L, the pH level was 7, and the shake
velocity was 200 rpm. The effectiveness of CuO adsorp-
tion increased when the calcination temp was dropped
0.22>0.189 > 0.1467 mmol/g for CuO at calcination tempera-
ture 450°C, 550°C and 650°C, respectively (Fig. 7) [38,39].

3.2.3. Influence of CuO dosage

As the adsorbent dose (0.01-0.25 g) per 25 mL is changed,
the CEF concentration of 2.51 x 10° mol/L at 25°C, and pH 7,
we looked into the CEF adsorption on sorbent made of CuO
nanospheres (Fig. 8). It demonstrates the CEF’s capacity to
bind to various adsorbent concentrations [40]. As the CuO
dose is raised from 0.01 to 0.1 g per 25 mL, the adsorption
potential of CEF decreases from 0.13 to 0.05 mmol/g and
rises. As the dose rises, the adsorbent’s surface area increases
and the equilibrium concentration of CEF falls [41].

3.2.4. Adsorption isotherms
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CEF absorption on CuO was computed utilizing iso-
therm models such as Langmuir [42], Freundlich [43],
Temkin [44], Dubinin—-Radushkevich [45]. Best fit was
picked based on the R? about one. The isotherm model-
ling outcomes are outlined in (Table 2). The best fit was
found using the Langmuir isotherm model (Fig. 9). This
suggests that a monolayer adsorption mechanism is active.
The monolayer adsorption potential was 0.25 mmol/g (g,)
and 14.43 kJ/mol is the average value for sorption energy.
In respect to the chemisorption process that has been sug-
gested, this is accurate. Indeed, the limit energy for separa-
tion is generally agreed to be 8 kJ/mol. Below this value the
reaction physisorption and over this value the reaction is
chemisorption processes [32,46].

Every time, the fitting coefficients complied with the pat-
tern R >> R?> R ?>> R/ the Langmuir model was found to
be most appropriate. In other words, the adsorption mostly
occurred on a single layer [49]. In the Freundlich model, the
parameter n is temperature-dependent, 1/ is the anisotropic
factor. If 0 < 1/n < 1 this mean that favor the removal of the
CEF; while if 1/n = 1 demonstrates that there was no inter-
action between the adsorbate and the adsorbate throughout
the adsorption mechanism; and 1/n > 1 this indicates the
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Fig. 9. Linearized isothermal sorption plots for CEF.
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adsorption is difficult. Table 2 demonstrates the outcomes,
which demonstrate that the adsorption occurred without
any problems, Temkin’s isotherm assumes a linear drop in
adsorption heat and takes into account adsorbate—adsorbent
interactions. The Temkin constants, b, was 70,285.73 L/mol
and A, was 12.569 kJ/mol, It is confirmed that the adsorp-
tion process is physio-chemical in nature. Temkin’s iso-
therm did not fit the data that was gathered and analyzed
based on R? values [34]. It is possible to use Langmuir and
Freundlich in both homogeneous and heterogeneous sys-
tems. Table 2 demonstrates that the CEF adsorption process
onto CuO nanosphere complies with the Langmuir isotherm.

3.2.5. Adsorption kinetics and mechanism studies

Uptake CEF onto CuO was modeled using the pseu-
do-first-order [50], pseudo-second-order [51], intraparticle
diffusion [51], and Elovich kinetic models in this study [52].
To determine the best fit, the coefficient of determination
(R? value was used. A diffusion model based on intrapar-
ticle mass transfer was used because the pseudo-first-order
and pseudo-second-order models were unable to define the
governing diffusion mechanisms [53].
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Table 2
Isotherms and their linear forms for the adsorption of CEF onto
CuO nanosphere [47,48]

Table 3
Adsorption of CEF onto CuO nanosphere: kinetic parameters
and correlation coefficients [47,48]

Isotherm Value of parameters Model Value of parameters
Desp (mmol/g) 0.245 K, (min™) 0.014
. g, (mmol/g) 0.25 Pseudo-first-order kinetic g, (mmol/g) 0.13
Langmuir " ¢
K, (L/mmol) 5,046.103 R 0.898
R 0.999 K, (g/mg-min) 0.2727
. n 5.042 Pseudo-second-order kinetic q, (mmol/g) 0.244
Freundlich ¢
K, (mmol/g)(L/mmol)"" 0.759 R? 0.984
R? 0.7737 K. (mg/g-min'?) -0.0008
Dubinin- (O -0.919 Intraparticle diffusion X (mg/g) 0.0109
Radushkevich Ky (J?/mol?) —2.4E-09 R? 0.979
E, (kJ/mol) 14.43 B (g/mg) -50.352
R? 0.864 Elovich o (mg/g-min) 1.08
. b, (L/mol) 70,285.73 R? 0.40296
Temkin A_ (kJ/mol) 12.569 Experimental data q. (exp) (mmol/g) 0.23
r . , .
R? 0.88
both capable of working in tandem [32,54]. As the adsorp-
Pseudo-first-order model: tion sites of CuO heterogeneous, Elovich equation suggests
a wide variety of activation energies for chemisorption.
K Parameter a (associated to the proportion of chemisorption)
log(qg - E],) =logg, _( 2 363} (8)  as the amount of dye in the solution increases, the parameter
' (which was proportional to the coverage surface) reduced
Pseudo-second-order: (Table 3), This is because the useful adsorption surface of the
’ adsorbate has decreased [55]. Like a consequence, the speed
/ 1 / of chemisorption can be accelerated by increasing the con-
— =t — (9)  centration inside the range studied. The excellent accuracy
9. Kg. 4. of the pseudo-second-order kinetic model makes it useful
. . for simulating adsorption kinetics. It is predicated on the
Intraparticle diffusion: notion that the frequency step is electrostatic chemisorption,
because the adsorbent and the adsorbate share or exchange
q, =Kt +X (10)  electrons [56].
Elovich: 3.2.6. Studies of thermodynamic modelling
1 1 The change in free energy (AG®), enthalpy (AH®), and
7= Bln(aﬁ)+ﬁlnt (1) entropy (AS°) computed using thermodynamics modeling

Table 3 summarizes the findings of the kinetics mod-
eling and displays the intraparticle difusion equilibrium
constant (K), pseudo-first-order constants (K)), and pseu-
do-second-order constants (K,). Due to its properties, for
the adsorption mechanism, the pseudo-second-order is the
ideal fit R? equals 0.984 is comparatively a greater correla-
tion coefficient (R?). Designates in the kinetics of absorp-
tion, the accessibility of binding sites as well as the quan-
tity of dye in liquid are important considerations. In order
to determine the intraparticle diffusion kinetic modelling
(R? = 0.979) for CEF, the slope of the second-linear region,
which equals in (Fig. 10). Early in the process of adsorption,
the external barrier to mass transfer around the particles is
crucial (initial sharp rise). The 2nd equation portion Intra-
particle diffusion technique for continuous adsorption. If
the plots not intersect at beginning, This demonstrates that
porosity dispersion not only rate-limiting stage; Extra sim-
ulations can control the adsorption rate as well, which are

to investigate several characteristics of CuO’s adsorptive
elimination of CEF. Table 4 provides an overview of the
results of thermodynamic modelling at various tempera-
tures. As (AG®) is negatively, the process is both possible
and randomized (Fig. 11). (AG®) values fell from —0.96 to
—4.7 kJ/mol at elevated temperature. As a result, the removal
of CEF from CuO becomes more appealing. Plotting (AG®)
against (T) reveals that it is linear (Fig. 15). (AH®), and (AS®)
42.97 and 0.149 kJ/mol, respectively, were determined. The
presence of positive AH® values indicates that the adsorp-
tion mechanism is endothermic. A positive value of (AS®)
identifies the randomness and suggests that the CuO
adsorbent has a strong affinity for CEF [47].

InK, =— AHT A4S (12)
RT R
AG® = AH®° —TAS° (13)
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Fig. 10. Linearized isothermal sorption plots for CEF.
Table 4
AG®°, AH®, and AS°® for TC adsorption on NiO
Drug T (K) AH® (kJ/mol) AS° (J/mol-K) T, (K) ~AG® (kJ/mol)
298 1.72
303 2.46
CEF 308 42.97 149.967 286 3.21
313 3.97
318 4.70

where is K a distribution constant, which is calculated from
,/C, Ris a universal constant (8.314 J/mol-K) and T (K) is the
adsorption temperature.

The adsorption cycle’s slope and intercept were cal-
culated using the InK_ vs. 1/T plot’s. standard (AH°) and
(AS°) was determined. Arrhenius plot intercept was used
to compute E, (Fig. 12). The amount of AH® in adsorption
processes is positive, indicating an endothermic reaction.
While (AG®) negatively, it designates spontaneous reaction
(Table 4) [54]. In this scenario, the zero standard free energy
temperature (T,) is calculated to be 223 K for CEF. The low

T, values show that the tested adsorbents are functional
and can absorb CEF at very low temperatures.

3.2.7. Active sites

The method of analyzing the adsorption groups the
electrophilic/nucleophilic attacking region and the electrostatic
potential zero zones in the investigated CEF/CuO systems is
referred to as molecular electrostatic potential (MEP). In this
study, utilizing molecular electrostatic potentials, the entire
electron density surface of CEF was charted (MEP) (Fig. 13) [57].
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Fig. 11. Graph displays how Gibbs free energy (AG°®) varies
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Fig. 13. Molecular electrostatic potential (MEP) for CEF.
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Table 5
® Examined CEF had its quantum chemical properties determined
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(3
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’ AE, eV 0.105
* X, eV 0.175
n, eV 0.05
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: : : : o, eV! 5.73
0.0032 0.0033 0.0033 0.0034 S, eVt 0.026
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3.68 4 Table.5 shgws the E ., and E, ., principles, and the
energy disparity between all compounds, E o vovo The
) difference in energy can be used to find out how hard mol-
o ecules are and how soft they are (Fig. 14), due to the mole-
£ 3914 ® cule’s lower energy. It is more polarizable and less powerful
(more reactive). CEF quantum chemical descriptions were
® identified as chemical potential (u), electronegativity (x),
-4.14 1 ° global softness (g), global hardness () and electroneg-
ativity (x), global hardness (), global index of electro-
e philicity (w) [41,42].
0.0032 0.0033 0.0033 0.0034 Indeed, theoretically, the Ega defined as a major reac-
tivity of chemicals component of CEF, a tiny gap denotes a
1T (K

Fig. 12. Thermodynamic adsorption models of CEF onto CuO
at 450°C.

On the other hand, have known active binding sites.
As a result, if these groups are present, they will boost CEF
adsorption, yet the adsorption findings revealed the follow-
ing: CuO adsorbent capacity in regards of CEF adsorption
capacities is owing to that contact in between delocalized
electrons in CuO planes and unbound electrons in aromatic
rings or many bonds in CEF molecules.

high level of chemical reactivity (poor stable), A huge gap,
on the other hand, suggests low chemical reactivity (highly
stable) (Table 5).

3.3. Molecular docking
3.3.1. Anti-Candida albicans

In this investigation, the protein database’s entry for
Candida albicans main protease was deleted (1ZAP). Candida
was identified in the protein database, however (1ZAP).
The most popular method for determining a ligand’s bind-
ing is to use binding energies [58]. Therefore, a reduction



244 A.M. Alsuhaibani et al. / Desalination and Water Treatment 281 (2023) 234-248

in binding energy brought on by mutations would improve
the ligand’s ability to adhere to the receptor [59]. One char-
acteristic that sets ligands apart is the presence of sev-
eral open active hydrogen bonding sites Fig. 15. They can

..gg‘“
2

Eumo= -0.122

Fig. 14. CEF optimized structures’ molecular orbital density
distribution at the frontier.

(a)
¢
®!

effectively bind proteins thanks to this feature, which also
helps produce inhibitory compounds. Table 6 shows the
results that represented a Candida albicans mutant 1ZAP-
hormone inhibitor is effective.

3.3.2. Heliobacter pylori

Fig. 16 represented the binding affinity of the CEF towards
Heliobacter pylori 6gbg-protein while, Table 6 represented
the binding energy and amino acids that bind with CEF.

4. Reusability of the CuO for CEF removal

A condition is considered cost-effective when an adsor-
bent may be used repeatedly while keeping its efficiency
for CEF removal, separation, and recovery after regener-
ation. The separation of CEF that collected by the CuO
adsorbent was examined following elution with 0.1-M
HCI solution. Any porous substance, including CuO,
should be reusable for practical use. We observed a change
in CuO’s adsorption capacity after three adsorption—
desorption cycles. Changing the pH is the most typical
approach for desorption of CEF. Desorption is often con-
ducted in uncomplicated environments. By meticulously
rinsing 0.02 g of the sorbent in a flask with 0.1 M HCl sev-
eral times till the pH of the washing solution approached 7,
the investigated sorbent CuO was restored. Then, distilled

Fig. 15. Molecular docking mode and interaction for the CEF. With Candida albicans 1ZAP (a) 2D structure of interaction and (b) 3D

structure.

Table 6
Binding interaction between CEF with 1ZAP and 6gbg

Protein Receptor Interaction E (kcal/mol)
ASP 120 m—Tt interaction
GLU 193 - interacti
Candida albicans (1ZAP) nop 86 Z Z Etzzztizg 717
ASP 86 m—7t interaction
GIn 408 Hydrogen bond
Helicobacter pylori (6gbg) GIn 405 Hydrogen bond -6.07
Asn 62 Hydrogen bond
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water was used to clean the adsorbent numerous times.
The CuO’s remaining colours were taken out using etha-
nol. After being collected, the clean CuO was roasted for
4 h at 60°C. After being regenerated, the adsorbent was
used in the subsequent dye adsorption test. Table 7 dis-
plays the outcomes of six cycles of testing the adsorption,
desorption, and re-adsorption cycles. They continued by
stating that the desorbing medium they used effectively
removed the CEF@CuO contact from its surface with a
desorptive effectiveness of 98.5%. After then, it was grad-
ually decreased until the sixth cycle, when it was 91.2%.
It was obvious that the reason for this slight decrease in
the DE % (7.3%) was due to dye molecules aggregating and
blocking active areas on the adsorbent surface (chemical
reaction). It’s also important to note that the CuO’s great
repeatability was what made water and wastewater treat-
ment systems economically viable. This might be caused by
CuO adsorption sites being blocked. The CuO material was
also characterised by XRD after undergoing a six-cycle test,
and it was discovered that the crystallinity and structure
were preserved (Fig. 17). This finding demonstrates the
CuO nanospheres’ excellent reusability properties.

The regeneration efficacy was calculated using Eq. (14)
given:

(@)

Quantity of

desorbed CEF
Amount of CEF
absorbed (mmol)

Regeneration efficiency (%) = x100 (14)

5. Influence of ionic strength

The impact of ionic strength on CuO nanosphere effi-
ciency against CEF was thoroughly simulated in order to
evaluate the performance of CuO nanosphere in actual treat-
ing wastewater. Purified of CEF is significantly influenced
by the quantity of other competing (co-interfering) ions
in the aqueous solution, according to Fig. 18. CuO loading
capacity has slightly decreased, while the competitor’s den-
sity has increased (i.e.,, CI), the adsorption capabilities of
the adsorbent for CEF are still remarkable at 0.21 mmol/g
(R% = 87.5%). From a wide perspective, the little discrep-
ancy can be discussed as follows. The conflict between
disrupted CEF molecules and the CuO nanosphere’s adsor-
bent surface between negatively charged anionic ions (CI")
is getting worse. Additionally, protecting the CuO nano-
sphere surface and slowing the adsorption mechanism were
achieved by raising the electrolyte counter ion concentration.

(b

Fig. 16. Molecular docking mode and interaction for the CEF. With Helicobacter pylori 6gbg-protein (a) 2D structure of interaction and

(b) 3D structure.

Table 7

Adsorption, desorption, and re-adsorption of CEF onto the CuO after six cycles

Adsorption/desorption cycle g, (adsorption) (mmol/g) q, (desorption) (mmol/g) Des. (%)
Cycle 1 0.244 0.242 98.5
Cycle 2 0.242 0.238 97.8
Cycle 3 0.238 0.226 96.2
Cycle 4 0.226 0.218 94.3
Cydle 5 0.218 0.21 93.2
Cycdle 6 0.21 0.192 91.2
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Additionally, the double electric layer contracted with ris-
ing solution salinity, creating a repulsive force between
the CEF and the adsorbent surface. A more accurate inter-
pretation of Fig. 18 is that several research have discovered
that inorganic competitors have inhibitory effects on CEF
adsorption employing a variety of adsorbents.

6. Conclusions

CuO was successfully synthesized with calcination of
organometallic chelate at 450°C, 550°C and 650°C and made
comparison between three samples of obtained copper
oxides and found that the best one was 450°C in adsorp-
tion of CEF. The mesoporous CuO, which has an adsorp-
tion capacity of 127.56 mg/g, could be employed as effective
CEF adsorbents. The pseudo-second-order model and the
Langmuir model, respectively, were used to characterize the
adsorption application’s kinetics and isotherm. The ability
to separate and regenerate the CuO adsorbents suggests

CuO Regenerated

B

Intesity, arbitrary units

LN Y

40 50 60 70
20 (degree)

2

Fig. 17. CuO nanosphere X-ray diffraction spectra at 450°C and
regenerate CuO.

0.37 0.74
Concentration of NaCl (molL-1)

Fig. 18. Influence of ionic strength.

that the CuO nanosphere may be a useful reusable adsor-
bent for cleaning up CEF pollutants.
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Supporting information
S1. Materials and methods
S1.1. Materials and apparatus

Spectroscopic level was obtained from Sigma-Aldrich
(Germany), Fluka (India) and Merck from all the reagents
and solvents.

52.2. Characterization of CuO

Fourier-transform infrared spectroscopy (FTIR) were
measured in a Nicolet i510 system. Samples were grinded
with KBr for FTIR measurements in the wave number
range of 4,000-400 cm™. The powder X-ray diffraction
forms were plotted using PANalytical X'Pert Pro instru-
ment using iron-filtered Cu-Ko radiation (A = 1.5406 A)
in the 20 from 5° to 50° with a step size of 0.02° and at a
time scan of 0.3 s. UV-Vis-DRS spectra were recorded by
using HACH LANGE GmbH, Germany UV-Vis spectro-
photometer. N, adsorption and desorption isotherms were
measured at the boiling temperature of liquid nitrogen
(-196°C) on ASAP 2020 (Micromeritics, USA). The sam-
ple were prepared by exposed to vacuum (5 x 107 torr) at
200°C in order to ensure a clean surface. Using Brunauer—
Emmett-Teller method, from which the Barrett-Joyner-
Halenda pore volume and Brunauer-Emmett-Teller surface
area and were measured. Scanning electron microscopy
images with energy-dispersive X-ray spectroscopy (EDX)
were resulted with a ZEISS SEM with tungsten filament as
electron source operated at 10-20 kV. EDX spectra and ele-
mental mapping were recorded using Oxford Instruments
X-Max system and INCA analysis software diffuse.
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