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a b s t r a c t
In recent years, the use of antibiotics as a dietary additive to promote animal growth has signifi-
cantly grown in both human and animal breeding. The identification of residues in water and 
wastewater is a result of this regular use. As a result, the creation of new bacterial strains that 
are resistant to these antibiotics has the potential to cause fatal livestock infections as well as the 
transmission of these strains to people. This research aims to utilize NiO nanosphere, which is pro-
duced through calcination of organometallic chelate. When employed as a tetracycline absorbent, 
662 mg·g–1 of its strong adsorption capability were shown. Energy-dispersive X-ray spectroscopy, 
Fourier-transform infrared spectroscopy, and the generated NiO was examined using X-ray dif-
fraction, including the 119.12 m2·g–1 variable surface area for the Brunauer–Emmett–Teller model. 
Using scanning electron microscopy, it has become routine to measure surface changes. The tetra-
cycline (TC’s) capacity for adsorption under varied experimental circumstances (contact time, TC 
initial concentration, and pH values) was also examined. The developed adsorbent demonstrated 
improved TC adsorption capabilities at pH = 7, according to experimental results. The TC adsorp-
tion isotherms and kinetics best fitted Langmuir isotherm and pseudo-second-order model as the 
(R2 > 0.999) for both models. The catalytic reduction of TC by NiO and the activation energy of 
24.8 kJ·mol–1 both provided evidence that chemical reactions were primarily in charge of these 
processes. Additionally, by researching how temperature affects reactions, scientists can pinpoint 
thermodynamic variables like ΔG°, ΔH°, and ΔS° that confirm spontaneous endothermic reac-
tions are more efficient at removing negative energy. Last but not least, the removal efficiency 
of TC in actual wastewater peaked at 97.6%, where even after 5 reuse cycles still maintained a  
commendable 93.6%.
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1. Introduction

The significance of organic contaminants in wastewater 
has grown during the past few years [1]. These contami-
nants, which include heavy metals, surfactants, dyes, and 
medications, can quickly harm the water and pose a risk 
to living things [2]. Furthermore, residual antibiotics have 
been discovered in groundwater and surface water across 
the globe [3,4]. Antibiotics are extensively employed in sig-
nificant quantities to control diseases that affect organisms 
because of their effectiveness in treating infections-related 
ailments [5]. One of most crucial pharmacological antibi-
otics, tetracycline hydrochloride (TCN), is being used to 
treat a variety of diseases brought on by different types of 
pathogenic bacteria [6,7]. It has been used frequently to cure 
animal ailments, notably when it is added to animal feed to 
promote growth. It was discovered that TCN can enter the 
soil and aquatic ecosystem through application of organic 
fertilizers for plants because of its high solubility in water 
[8]. Since most of these antibiotics travel through organisms’ 
bodies without being utilized in the metabolic activities and 
are then thrown into the environment, contaminated water 
sources result [9]. Despite the relatively low levels of anti-
biotics in surface and ground waters [10], they should not 
be ignored since their effects on the ecosystem are threat-
ened by their continuous presence [11]. In order to avoid 
releasing antibiotic residue into the aquatic environment, 
it is vital to eliminate it from its primary sources [12,13].

Human progress in a variety of sectors, industry, agri-
culture, and other sectors produce enormous amounts of 
garbage that could be hazardous to both human health and 
the environment and have an effect on the economy [14]. 
Leading to significant pollution issues. Pollution of the air, 
water, and soil is caused by improperly managed wastes. 
Waste storage-related soil contamination may result in 
groundwater contamination from landfill leachate leaks  
[15,16].

The landfill is a sophisticated reactor that advances 
on its own. A complicated reactor that progresses sponta-
neously is a landfill. The following xenobiotic substances 
can be recognised in the effluent despite its complexity: tet-
racycline, pesticides, plasticizers, chlorinated aliphatic com-
pounds, aromatic hydrocarbons, and phenols. Antibiotics 
have been found in leachates among other substances. 
Tetracycline, chlorinated aliphatic chemicals, aromatic 
hydrocarbons, phenols, insecticides, and plasticizers can all 
be distinguished from the effluent despite its complexity. 
Antibiotics were found among the substances in leachates 
[17,18]. Antibiotics have been found in leachates among 
other substances. In sewage treatment facilities, the munic-
ipal effluents that contained these molecules were cleaned 
before being released into surface waters (stream, sea) 
[19,20]. These residues were dispersed and maintained in 
the sludge before being dumped on the land. Groundwater 
serves as the primary receiving environment for a stand-
alone purification system.

Antibiotics have been found in leachates amongst 
many other substances. These substances were used to 
cure pathogenic disorders in both humans and animals, 
and their usage has significantly expanded in recent years 
to protect those who are sensitive from bacterial infec-
tions. They were also employed as a growth hormone for 

agricultural animals [21–23]. Following administration, 
antibiotics were generally altered in both human and animal 
bodies. Their main methods of elimination were through 
the urine and faces, either through the original chemical 
or metabolites (molecule that is created from the inclu-
sion of the parent molecule via oxidizing or conjugation 
in the body). Municipal discharges containing these mole-
cules were cleaned up in sewage treatment facilities before 
being discharged into surface waters. These wastes were 
dispersed and part of them were maintained in the sludge 
before being dumped on the land. Groundwater serves as 
the main collect environment for a particular purification 
procedure [24–26]. Antibiotics become ineffective when 
used inappropriately and without cause, which results in 
the creation of resistance of microorganisms [27–29]. As a 
result, the tetracycline was chosen because of its ability to 
penetrate both soil and aquatic environments [30]. On the 
soil, tetracycline residues were frequently found [31], sed-
iments [32], surface water, in the groundwater [33], waste-
water. Numerous methods, including ozonation, have been 
used to remove different antibiotics from aqueous solutions 
[34–36], modern oxidation techniques, deterioration caused 
by photocatalysis [37,38], coagulation [39,40], and adsorp-
tion. Nevertheless, it has many challenges, such as poor 
performance, challenging operation, and harmful by-prod-
uct production [41,42]. Adsorption has the most promise 
between these techniques due to its simplicity in manufac-
turing, low cost, and high efficacy, and lack of harmful inter-
mediates. Water contaminants like activated carbon, metal 
oxides, clays, and agricultural wastes have all been removed 
using a variety of adsorbents. Furthermore, because natu-
ral adsorbents are inexpensive, researchers are concentrat-
ing on how widely they are used in water treatment [43]. 
Due to the π–π interaction, H-bond, and π-cation-bond 
that exist between tetracycline (TC) and metal oxide mate-
rials, they have lately been used as the most effective  
adsorbents [44].

Creating successful treatment technologies to get rid of 
impurities is becoming more and more important. The need 
for successful treatment methods to get rid of pollutants 
is still quite great. Technical landfills are designed to store 
final waste while reducing pollution and environmental 
hazard issues. This project sought to create effective com-
posite geomaterials for the eradication of persistent organic 
pollutants [44,45].

This research was done to find out how NiO nanopar-
ticles work together to help tetracycline bind to surfaces 
in aqueous solutions. The NiO created in this work was 
designed for waste containment. It was simply synthesized 
and described, giving it a large surface area of 119.12 m2·g–1 
and efficiently removing TC from waste water at a rate of 
662 mg·g–1. Additionally, these nanocomposite materi-
als can be recycled after being utilized around five times. 
The reaction was endothermic and spontaneous, as the 
effect of temperature showed on other hand, the adsorp-
tion isotherm was fitted to Langmuir while the adsorption 
kinetic and kinetic was fitted to pseudo-second-order.

2. Material and methods

Prepared previously and illustrated at supplementary 
material [46].
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2.1. Preparation of NiO nanoparticles

The NiO was obtained by calcination of [Ni(L)Cl(OH2)3]
H2O chelate at temperatures of 450°C, 550°C, and 650°C for 
4 h. This method produces NiO nanoparticles quickly and 
easily, without the use of expensive and harmful solvents 
or complicated equipment [47].

2.2. Preparation of adsorbate

Tetracycline with concentration (1 × 10−3 mol·L–1) of was 
prepared using bi-distilled water during the preparation 
of the stock solutions and during the experimental study 
(Table S1).

2.3. Characterization of NiO

The devices and related models are illustrated in 
Table S2.

2.4. Batch adsorption studies

Experimentation with pH 2–12 and other factors were 
studied by dissolving a sufficient a certain amount of TC 
in distilled water, the effects of sorbent (NiO) dose con-
centration 0.01–0.1 g/25 mL, the effect of NiO dosage on 
the adsorption of (TC) in aqueous system and temperature 
(25°C–55°C) was examined [48–50]. Subsequent agitating at 
200 rpm for 120 min, NiO was isolated by centrifugation. 
UV-Vis at 445 nm was used to assess the dye concentra-
tion. The proportion of decolorization (R) was determined 
from Eq. (1) (Table S3):

R
C C
C

t�
�� �

�0

0

100  (1)

The adsorption potential (qe, mmol·g–1) was determined 
using the equilibrium Eq. (2):

q
C C V
Me

e�
�� �0  (2)

3. Results and discussion

3.1. Characterization of NiO nanoparticles

3.1.1. X-ray diffraction patterns

Fig. 1 displays the NiO X-ray diffraction (XRD) data 
at various calcination temperatures. The discovered NiO 
diffraction peaks show how the tetragonal structure devel-
oped in relation to the lattice constants; a = b = 2.977 Å, 
c = 11.445 Å, α = 90.0°, β = 90° and γ = 120°. That indicate 
the existence of NiO in triagonal from. The interplanar 
spacing (dhkl) and Miller indices (hkl) for NiO are recorded 
in Table 1 (space group P3m1, (JCPDS card no.04-0835). 
Also, correspond to NiO (PDF#01-1239). No extra peaks 
due to contamination were detected, this considered 
great evidence of the synthesized NiO’s high purity. Also, 
the identical XRD patterns of the NiO samples at various 

temperatures may be seen. The crystal planes (111), (200), 
(220), (311), and (222) of bulk NiO can be easily indexed at 
2θ = 37.20°, 43.20°, 62.87°, 75.20°, and 79.38°, respectively. 
By using Scherer formula Eq. (3) the crystallite size (D, Å) 
of the NiO nanoparticles was calculated.

D K
B

�
�

� �cos
 (3)

The high-intensity (200) peak was used to measure the 
NiO crystallite size was 28, 46, and 62 nm at the tempera-
tures 450°C, 550°C, and 650°C, respectively. The average 
grain size increases and the specific surface area decreases 
as the temperature rises, which is easily determined [48,51]. 
The greater extent of NiO particle formation can be used 
to explain these findings [52,53].

3.1.2. Fourier-transform infrared spectroscopy pattern of 
nickel oxide nanosphere

The band observed at 1,638 cm–1 is because of the 
water’s OH bending. A strong band at 610 cm–1 is assigned 
to the Ni–O stretching band which is consistent with that 
reported elsewhere confirm the formation of NiO nanopar-
ticles. Due to adsorption of CO band at 1,127 cm–1 (C–O) 
and a symmetric stretching vibration at 1,249 cm–1 (COO–1) 
appeared [48] Fig. 2.
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Fig. 1. XRD of NiO nanoparticles.

Table 1
Crystallographic of NiO

2θObs. (°) 2θCalc. (°) dhkl(Obs) (Å) dhkl(Calc.) (Å) (hkl)

38.279 37.984 2.3512 2.3688 012
42.259 37.984 2.1386 2.3688 012
62.295 61.26 1.4904 1.5131 110
73.935 74.394 1.2819 1.2751 202
77.575 78.064 1.2306 1.2241 018
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3.1.3. Brunauer–Emmett–Teller surface area

Because the size and number of pores can significantly 
affect a substance’s properties and its capacity for process, in 
a porous material [54,55]. It is crucial to calculate the holes’ 
specific surface area. This is commonly accomplished by 
measuring the material’s Brunauer–Emmett–Teller (BET) 
area of contact. Surface interactions occur whenever a gas 
comes into contact with the surface of a substance. The 
basis of BET tests is an adsorption isotherm that takes into 
account physisorption and the probability of a gas weakly 
adhering to a product’s surface. Because physisorption 
is reversible, a gas can swiftly adsorb on to and desorb 
from a substance’s surface.

The adsorption isotherm, which measures volume, 
is what happens when gas is adsorbs at various pressures 
while maintaining a constant temperature. Since liquid nitro-
gen is used to keep the temperature stable, it is around 77 K 
at this point. 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 of porosity existing at substance (Fig. 3) as well as the 
sort of pores in the substance (Fig. 4) (Table 4). The pres-
ence of a hysteresis loop is shown by type IV adsorption 
isotherms for NiO restricted absorption at high initial P/Po 
and capillary condensation in a mesoporous medium the 
first loop is responsible for mono-multilayer adsorption, 
while the second is responsible for desorption. Adsorption 
effectiveness of the sample calcined at 450°C is higher in 
our case. Which has a lower crystallite1 size and a larger 
specific surface area than the others (119.12 m2·g–1), pore size 
6.07 nm which according to IUPAC it will be classified as 
mesoporous and pore volume 0.36 cm3·g–1. and after adsorp-
tion of TC the surface area become 94.2 m2·g–1 while the 
pore volume was 0.12 cm3·g–1 these indicate the adsorption 
of TC take place through the pore filling of NiO [56].

3.1.4. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) has been used 
to examine the surface properties of NiO nanoparticles 
(Fig. 4 shows consistent metal oxide formation) [57–59]. 

The cultivated nanostructures are in the form of nanoparticles 
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. NiO nanoparticles having a diameter ranging 
from 27 to 47 nm were approved by SEM examination [60,61].

3.1.5. 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 energy- 
dispersive X-ray analysis. Energy-dispersive X-ray spectros-
copy (EDX) analyses was used to assess the compositions 
chemically of nanoparticles. Peaks for Ni and O were dis-
covered, but no peaks for impurities, suggesting that NiO 
had been clean for a long period (Fig. 5) [60].

3.2. Batch experiments

3.2.1. Effect of pH

Fig. 7 illustrates TC absorption onto NiO as a function 
of pH in the starting solution (1.2 × 10−3 mol·L–1, 25°C and 
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Fig. 2. Fourier-transform infrared spectroscopy pattern of 
nickel oxide nanoparticles.

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

A
ds

or
pt

iv
e 

vo
lu

m
e 

( c
m

3 /
g)

Relative pressure (P/Po)

Fig. 3. NiO adsorption/desorption isotherm at 450°C for N2.

Fig. 4. NiO nanoparticles as seen with a scanning electron 
microscope.
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dosage 0.02 g/25 mL, contact time 60 min). A low pH seems 
to be the most effective for TC adsorption. Fig. 6 shows the 
impact of pH change on TC absorption onto NiO surface. 
Lower pH levels would cause hydrogen ions H+ to adhere 
to the NiO surface, increasing the positively charged sur-
face of the NiO. Therefore, the adsorption effectiveness 
may be reduced by the TC’s electrostatic attraction on 
the NiO surface. Under normal circumstances, the oppo-
site is true, where the NiO surface and H+ divide, making 
the clay surface more negative. Therefore, the TC’s electro-
static attraction to the negatively charged NiO surface can 
reduce the antibiotic’s uptake level [62,63].

Furthermore, the increased adsorption efficiency may 
be reached at a pH of 7, which is somewhat near to the pH 
of the TC solution used in this investigation, which has 
a pH of about 7. The antibiotic is expressed as H3TC at 
this pH, which reduces the inhibitory electrostatic repul-
sion. This suggests that very acidic or basic environments 
were not preferred for TC adsorption; Consequently, all 
solutions were evaluated at pH 7, which is thought to be 
the average value of TC in an aqueous medium [64,65].

3.2.2. Effects of calcination

The influences of NiO calcination temperatures of 450°C, 
550°C, and 650°C on TC adsorption studies were inves-
tigated. NiO dose was 0.02 g; the volume of dye solution 
was 25 mL; and concentration was 1.2 × 10−3 mol·L–1, the pH 
level was 7, and the shake velocity was 200 rpm. The effec-
tiveness of NiO adsorption increased when the calcination 
temperature was lowered 1.239 > 1.38 > 1.4516 mmol·g–1 for 
NiO at calcination temperature 450°C, 550°C and 650°C, 
respectively (Fig. 7) [66,67].

3.2.3. Influence of NiO dosage

By varying the adsorbent ranges, the TC adsorption of 
on NiO nanoparticles substance was investigated (0.01–
0.1 g) per 25 mL, TC concentration of 1.51 × 10−3 mol·L–1 
at 25°C and pH 4. The graph below shows how much 
of the entire amount of adsorbent TC can absorb (Fig. 8) 
[68]. Capacity of TC adsorption reduces as the dosage of 
NiO is raised 1.06 to 0.28 mmol·g–1 and rises from 0.01 to 
0.1 g/25 mL. Fig. 9 depicts the influence of nickel oxide dose 
on the optimal concentration (C/C0) of TC. As the dosage 
is increased while the adsorbent surface area is increased, 
the equilibrium concentration of (TC) decreases [69].

3.2.4. Adsorption isotherms

TC absorption on NiO was computed utilizing isotherm 
models such as Langmuir [70], Freundlich [71], Temkin 
[72], Dubinin et al. [73]. Best fit was picked based on the 
R2 about one. The results of the isotherm modelling are 
illustrated in Table 2. Langmuir isotherm model the best 
fit (Fig. 9). This shows that there is an active monolayer 
adsorption process. The monolayer adsorption potential 
was 1.527 mmol·g–1 (qm) and 24.8 kJ·mol–1 is average sorption 
energy value [74]. In respect to the chemisorption process 
that has been suggested, this is accurate. Indeed, the limit 
energy for separation is generally agreed to be 8 kJ·mol–1. 
Chemical sorption up to 8 kJ·mol–1 and physical sorption 
below 8 kJ·mol–1 [75–77].

3.2.5. Adsorption kinetics and mechanism studies

Uptake TC onto NiO was modeled using the pseu-
do-first-order [80], pseudo-second-order [81], intraparti-
cle diffusion, and Elovich kinetic models in this study. The 
coefficient of determination (R2) value was used to find the 
best fit. The pseudo-first-order and pseudo-second-order 
models were unable to specify governing diffusion mecha-
nisms, hence an intra-particle mass transfer diffusion model 
utilized instead [82,83].

Fig. 5. NiO nanoparticles’ EDX spectrum.

2 4 6 8 10 12

1.588

1.590

1.592

1.594

1.596

1.598

1.600

1.602

q e
 (m

m
ol

/g
)  

pH

Fig. 6. Impact of pH on TC’s adsorption on NiO.



195A.M. Alsuhaibani et al. / Desalination and Water Treatment 277 (2022) 190–205

Table 3 summarizes the findings of the kinetics mod-
eling and displays the intraparticle diffusion equilibrium 
constant (K), pseudo-first-order constants (K1), and pseu-
do-second-order constants (K2). Due to its properties, For 
the adsorption mechanism, the pseudo-second-order is the 
ideal fit R2 equals 0.999 is comparatively a greater correla-
tion coefficient (R2). Designates in the kinetics of absorption, 
the accessibility of binding sites as well as the quantity of 
dye in liquid are important considerations. The intraparti-
cle diffusion kinetic modeling (R2 = 0.1999) for TC calculated 
using the slope of the second linear region that corresponds 
in (Fig. 10). Early in the process of adsorption, the external 
barrier to mass transfer around the particles is crucial (initial 
sharp rise). The second equation portion intraparticle dif-
fusion technique for continuous adsorption. If the plots not 

intersect at beginning, this demonstrates that porosity dis-
persion not only rate-limiting stage; Extra simulations can 
control the adsorption rate as well, which are both capable 
of working in tandem [62,84]. As the adsorption sites of NiO 
heterogeneous, Elovich equation suggests a wide variety of 
activation energies for chemisorption. Parameter α (asso-
ciated to the proportion of chemisorption). As the amount 
of dye in the solution increases, the parameter (which was 
proportional to the coverage surface) reduced (Table 3), this 
is because the useful adsorption surface of the adsorbate 
has decreased [85]. As a result, by raising the concentration 
within the range under study, chemisorption can occur more 
quickly. The excellent accuracy of the pseudo-second-order 
kinetic model makes it useful for simulating adsorption 
kinetics. It is predicated on the notion that the frequency 
step is electrostatic chemisorption because the adsorbent 
and the adsorbate share or exchange electrons [86,87].

3.2.6. Thermodynamic modelling studies

The change in free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°) computed using thermodynamics modeling 
to investigate several characteristics of NiO’s adsorptive 
elimination of TC. Table 6 provides an overview of the 
results of thermodynamic modelling at many temperatures. 
As (ΔG°) is negatively, the process is both possible and ran-
domized (ΔG°) values fell from –8.27 to –11.23 kJ·mol–1 at 
elevated temperature. As a result, the removal of TC from 
NiO becomes more appealing. Plotting (ΔG°) against T’s 
temperature reveals that it is linear (Fig. 11) (ΔH°), and 
(ΔS°) 26.35 and 0.118 kJ·mol–1, respectively, were deter-
mined [88]. Positive ΔH° values demonstrate the endo-
thermic nature of the adsorption mechanism. A positive 
value of (ΔS°) identifies the existence of structural reforms 
on the NiO throughout absorption of TC. At the solid- 
liquid interface, randomization is becoming more preva-
lent. The good result also implies that the NiO adsorbent 
has a high affinity for TC [78].

The adsorption cycle’s slope and intercept were cal-
culated using the lnKc vs. 1/T plot’s standard (ΔH°) and 
(ΔS°) was determined. Arrhenius plot intercept was used 
to compute Ea (Fig. 12). The amount of ΔH° in adsorption 
processes is positive, indicating an endothermic reaction. 
While (ΔG°) negatively, it designates spontaneous reaction 
(Table 4) [62]. In this scenario, the zero standard free energy 
temperature (T0) is calculated to be 223 K for TC. The low 
T0 values show that the tested adsorbents are functional 
and can absorb colourants at very low temperatures.

3.2.7. Mechanism of interaction

The largest amount of TC is absorbed when the pH 
reaches 7. Surface hydrogen bonding between TC and NiO 
may be able to explain this TC absorption, as an alternative, 
a pseudo-second-order kinetic model based on intra-parti-
cle diffusion is used. The chemistry of the NiO surface and 
the characteristics of the ionized adsorbate molecules may 
be impacted by the sorption solution’s initial pH, which 
could be the cause of the observed phenomenon. The energy 
of the interaction between the charged TC molecule and 
the charging NiO surface may be one of the key operating 
factors.

Fig. 7. Impact of NiO calcination temperature on TC adsorption.
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• The interaction between surfaces with various charges 
is how the electrostatic attraction is most frequently 
described. Tetracycline solution’s cations and the anions 
on the NiO surface can easily establish ionic connec-
tions; this results in improved adsorption capacity [89].

• Dipole–dipole interactions called H-bonds are most 
frequently between two hydrogen atoms that are both 
donors and acceptors of hydrogen. It regularly keeps 
the performance of various organics adhering to NiO 
going. According to our model, the TC is where the 
hydrogen donor comes from (from ‒OH groups), 
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Fig. 9. Models for the linearized isothermal adsorption of TC onto NiO.

Table 2
Isotherms and their linear forms for TC adsorption on NiO 
nanoparticles [78,79]

Isotherm Value of parameters

Langmuir

qm,exp (mmol·g–1) 1.527
qm (mmol·g–1) 1.536
KL (L·mmol–1) 6.2E+05
R2 0.99952

Freundlich
N 9.362
KF (mmol·g–1)(L·mmol–1)1/n 4.013

Dubinin–Radushkevich

R2 0.877
qDR 0.834
KDR (J2·mol–2) –8.14E-10
Ea (kJ·mol–1) 24.8

Temkin

R2 0.9068
bT (L·mol–1) 19,081.73
AT (kJ·mol–1) 20.72
R2 0.91

Table 3
TC adsorption onto NiO nanoparticles: kinetic parameters and 
correlation factors [78,79]

Model Value of parameters

Pseudo-first-order kinetic
K1 (min–1) 0.016
qe (mmol·g–1) 0.28
R2 0.822

Pseudo-second-order kinetic
K2 (g·mg–1·min−1) 7.49
qe (mmol·g–1) 1.49
R2 0.9999

Intraparticle diffusion
Ki (mg·g–1·min–1/2) –0.069
X (mg·g–1) 0.552
R2 0.1999

Elovich
β (g·mg–1) –4.065
α (mg·g–1·min–1) 2.715
R2 0.3587

Experimental data qe,exp (mmol·g–1) 1.4898
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In contrast, TC provides hydrogen acceptors (i.e., 
oxygen–nitrogen). The amount of hydrogen atoms in 
the TC and the nitrogen/oxygen components of the 
TC being examined are closely correlated with the 
strength of the H-bonding.

• TC was found to have aromatic ring that abundant 
with π-electrons, these led to form π–π interactions 
between NiO and TC.

• NiO’s specific surface area and pore volume consid-
erably decreased after adsorption, demonstrating 
that one of the mechanisms at play was pore filling 
analysis by BET supported this.

3.2.7.1. Active sites

The method of analyzing the adsorption groups the elec-
trophilic/nucleophilic attacking region and the electrostatic 
potential zero zones in the investigated TC/NiO systems 
is referred to as molecular electrostatic potential (MEP). In 
this study, utilizing molecular electrostatic potentials, the 
entire electron density surface of TC was charted (MEP) 
(Fig. 13) [90].

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

Table 5 shows the EHOMO and ELUMO principles, and the 
energy disparity between all compounds, ELUMO–HOMO. The 
difference in energy can be used to find out how hard mol-
ecules are and how soft they are (Fig. 14). Because the mol-
ecule has a reduced volume of energy. It is more polarizable 
and less powerful (more reactive). TC quantum chemical 
descriptions were identified as chemical potential (μ), elec-
tronegativity (χ), global softness (б), global hardness (η) 
and electronegativity (χ), global hardness (б), global index 
of electrophilicity (ω) [41,42].
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Fig. 10. Linearized adsorption kinetic models for TC adsorption TC onto NiO.
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increase with temperature (T).
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Indeed, Egap is theoretically characterized as a signifi-
cant chemical component of TC that is highly reactive, a tiny 
gap denotes a high level of chemical reactivity (poor sta-
ble), a huge gap, on the other hand, suggests low chemical 
reactivity (highly stable) (Table 5).

3.2.8. Comparison with other adsorbents

Table 6 listing of the abilities of different sorbents for 
the sorption of TC demonstrates that sorbent’s sorption 
capacity is significantly higher than that of other sorbents. 
Removal effectiveness might be improved because the 
sorbent’s surface and its porous structure contain more 
active centers.

3.2.9. Desorption studies

Adsorbent’s capacity to regenerate with its constancy 
are two important issues that influence its practical appli-
cation. We’ve now compared NiO’s adsorption potential 
over three adsorption–desorption cycles in a row [43]. 
The examined sorbent NiO was washed several times 
with ethanol until colorless, after that, distilled water was 
used to rinse it. At 60°C, the colorless NiO compound 
was dried overnight to achieve a constant weight. NiO is 
now prepared for the second-stage of absorption follow-
ing renewal. The efficacy of regeneration was discovered 

to be 97.6%, 95.5%, 94.8%, 94% and 93.6% during each 
cycle of adsorption/desorption this could be because NiO 
absorptions are restricted. We used XRD to analyse the 
NiO material after three cycles of testing and found that 
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Fig. 12. (a) TC adsorption onto the NiO adsorbent is depicted via a van’t Hoff plot. (b) TC adsorption onto the NiO adsorbent is 
depicted via an Arrhenius plot.

Table 4
ΔG°, ΔH°, and ΔS° for TC adsorption on NiO

Dye T 
(K)

ΔH° 
(kJ·mol–1)

ΔS° 
(J·mol–1·K–1)

Ea 
(kJ·mol–1)

T0 
(K)

–ΔG° 
(kJ·mol–1)

TC

298

26.35 118 1.15 223

8.27
303 8.69
308 9.46
313 10.05
318 11.23

Fig. 13. Molecular electrostatic potential (MEP) for TC.

Table 5
Examined TC had its quantum chemical properties determined

Comp. TC

EHOMO (eV) –0.2037
ELUMO (eV) –0.096
ΔE (eV) 0.1077
X (eV) 0.149
ɳ (eV) 0.05
Pi (eV) –0.15
σ (eV–1) 18.57
S (eV–1) 9.28
Ω (eV) 0.21
ΔNmax 2.78
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the substance’s crystallinity and structure had been pre-
served (Fig. 15). Findings show that NiO nanoparticles are 
highly recyclable. The following to evaluate the efficiency 
of the regeneration process, Eq. (4) was used.

Regeneration efficiency
Total capacity for adsorption

in

%� �

�
  the second run

Total capacity for adsorption 
in the Initiaal run

�100  (4)

4. Conclusions

A mesoporous nickel oxide was effectively created and 
characterized in the current investigation to remove and 
adsorb tetracycline from aqueous solution. The surface area 
was calculated to be 119.12 m2·g–1. The mesoporous nickel 
oxide exhibited good adsorption capacity toward 662 mg·g–1. 

Fig. 14. TC optimized structures’ molecular orbital density 
distribution at the Frontier.

Table 6
Comparing the TC with NiO’s ability to absorb water to that of other adsorbents

Adsorbents Conditions qm (mg·g–1) References

pH Temp.

PAM/CA@Cu beads 5 303 356.57 [91]
Graphene oxide/calcium alginate composite fibers 298 131.57 [92]
3D alginate-based MOF hydrogel (MA-M) 8 298 364.89 [93]
Phenolic hydroxyl-derived copper alginate microspheres 7 318.5 199.14 [94]
Cu-immobilized alginate beads 3 318.5 58.57 [95]
Cu and Co nanoparticles co-doped MIL-101 4.8 318 161.86 [96]
Carboxymethyl-chitosan reformed montmorillonite 298 178.57 [97]
Cerium oxide nanoparticles 313 57.14 [98]
Alginate/reduced graphene oxide (rGO) double-network hydrogel (GAD) 8 298 290.70 [99]
Alginate/rGO single network hydrogel (GAS) 8 298 247.52 [99]
Alkali acid-modified magnetic biochar 298 97.96 [100]
MnFe2O4-embedded chitosan-diphenyl urea formaldehyde resin 6 172.12 [101]
Amino-Fe(III) functionalized SBA15 5 43.07 [102]
Fe3O4@SiO2-chitosan/graphene oxide nanocomposite 6 298 110.22 [99]
NiO 7 298 662 This work
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Fig. 15. XRD spectra of NiO at 450°C and NiO regenerated.
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The adsorption isotherm was fitted to Langmuir whereas the 
adsorption kinetic was fit to a pseudo-second-order model, 
according to the findings. Adsorption had an energy of 
24.8 kJ·mol–1, indicating that chemisorption was the adsorp-
tion process. While during study the effect of temperature 
determine the thermodynamic parameter such as ΔG°, ΔH°, 
ΔS° from the data showed that the reaction was an endo-
thermic, spontaneous reaction as the temperature increase 
the negativity ΔG°, and removal efficiency were increase. 
Also study the possibility of the mechanism of interaction 
as it may be due to H-bonding, π–π interaction, prefill-
ing or electrostatic interaction. The reusability of the NiO 
was checked for five cycle was 93.6 and this considered 
good advantage for using the NiO in TC removal.
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Supporting information

S1. Materials and methods

S1.1. Chemicals and instruments

Here, the chemicals used are of pure grade in this anal-
ysis and used without purification Table 1. Sigma-Aldrich 
Chemical Corporation, USA, purchased dimethyl sulfoxide 
(DMSO) (NiCl2).

S1.2. Synthesis of 3-acetyl-7-hydroxycoumarin

The ligand hydroxycoumarin (HL) was prepared by 
two steps (Fig. S1):

Step 1

3-methoxycarbonyl-7-hydroxycoumarin (0.01 mol) 
was prepared via the condensation of 2,4-dihydroxy-
benzaldehyde with dimethyl malonate in the presence 
of piperidine. The medium temperature should be main-
tained at 5°C by using an ice salt bath during addition, and 
then the reaction mixture was kept at room temperature 
overnight, and then poured with vigorous stirring into a 

mixture crushed ice and water. The solid 3-methoxy car-
bonyl-7-hydroxycoumarin (Fig. S1) was filtered off and 
washed several times with cold water and recrystallized 
from ethanol. Elemental analysis: C11H8O4 (M = 204.19) C 
64.4 (calc. 64.7); H 3.92 (3.96); O 34.38 (31.34) % IR (KBr): 
3,430 υ(OH), 1,668 υ(C=O) cm–1 hydrogen-1 nuclear mag-
netic resonance (1H NMR).

S2. Materials and apparatus

Spectroscopic level was obtained from Sigma-Aldrich 
(USA), Fluka (India) and Merck (Germany) from all the 
reagents and solvents. All the apparatus used are discussed 
in our previous work [1]

S2.1. Synthesis of 3-cyano-7-hydroxycoumarin

Step 1

3-Cyano-7-hydroxycoumarin (0.01 mol) was prepared 
[2] via the condensation of 2,4-dihydroxybenzaldehyde 
with ethyl cyano acetate in the existence of the piperidine. 
The medium temperature should be maintained at 5°C by 
using ice salt bath during addition, and the reaction mixture 
was then kept overnight at room temperature., and then 
poured in a mixture of crushed ice and water with vigorous 
stirring. The solid 3-cyano-7-hydroxycoumarin (Fig. S1) was 
filtered off and washed several times with cold water and 
recrystallized from ethanol. Elemental analysis: C10H5O3N 
(M = 187.16) C 64.25 (calc. 64.17); H 2.77 (2.70); N 7.55 (7.49) 
% IR (KBr): 3,430 υ(OH), 2,330 υ(C≡N), 1,668 υ(C=O) cm–1. 
1H NMR in DMSO, internal tetramethyl silane, d (ppm): δ 
1.5 (t, 3H, CH3), 4.25 (q, 2H, CH2), 6.77–7.93 (m, 7H, Ar-H), 
8.70 (s, 1H, OH) ppm.

Step 2

A solution that is well stirred chloroaniline (0.01 mol) in 
an ice bath, 10 mL ethanol and 5 mL 2 M HCl were cooled 
and diazotized with an aqueous sodium nitrite solution 
(5 mL, 0.01 mol). The cooled (0°C–5°C) diazonium solution 
has been wisely added to a well stirred solution to drop 
(0.01 mol) 3-cyano-7-hydroxycoumarin in (100 mL) eth-
anol has sodium hydroxide (0.01 mol) during 45 min. The 
mixture was blended for a further 30 min and then left in 
the fridge for 2 h (Fig. S1). The solid product was collected, 
washed with water, dried and ethanol-recrystallized.

S2.2. Synthesis of solid complexes

Ni the complex was prepared (Fig. S2) by refluxing 
1 mmol of the ligand under investigation with 1 mmol of 
the metal salt (NiCl2·6H2O) in an ethanolic solution in the 
water bath for 3 h. The pH of the solution was maintained 
at a value of 5–6 by the addition of dilute ammonia solu-
tion (10 wt.%). The resulting solid complexes were filtered 
off, washed several times with absolute ethanol, and finally 
dried in a vacuum desiccator over anhydrous calcium  
chloride.

Table S1
Adsorbate tetracycline characteristics used in the research

Compound Ball and stick model of 
tetracycline

Molar mass 
(g·mol–1)

λmax

Tetracycline 444.4 529 nm

Table S2
List of instruments

Type of analysis Models

X-ray diffraction Crysfire and Chekcell 
computer databases

Transmission electron 
microscopy (TEM)

TEM, FEI Tecnai G2 F20, USA

Fourier-transform infrared 
spectroscopy (FTIR) spectra

Jasco FTIR-4100 spectropho-
tometer (Australia)

UV-visible spectrophotometer Hach Lange DR5000 (HACH 
LANGE GmbH, Germany)

Brunauer–Emmett–Teller ASAP 2020 
(Micromeritics, USA)

Scanning electron microscope JEOL JSM-6510 LV (Japan)
pH meter Hanna (Model 211), Hanna 

Instruments, Romania
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Table S3
List of abbreviation

Symbol Definition

qe Adsorbed amount of dye at equilibrium concentration, mmol·g–1

qmL Maximum sorption capacity (corresponding to the saturation of the monolayer, mmol·g–1)
KL Langmuir binding constant which is related to the energy of sorption, L·mmol–1

Ce Equilibrium concentration of dyes in solution
KF Freundlich constants related to the sorption capacity, (mmol·g–1)(L·mmol–1)1/n

n Intensity
KDR constant related to the sorption energy, J2·mol–2

qDR Theoretical saturation capacity, mmol·g–1

ε Polanyi potential, J2·mol–2

R Gas constant, 8.314 J·mol–1·K–1

T Temperature where the adsorption occurs
AT Temkin isotherm constant
bT Temkin constant in relation to heat of adsorption, J·mol–1

qt Amount of dye adsorbed, mmol·g–1

K1 Rate constant for pseudo-first-order constant for the adsorption processes, min–1

q2 Maximum adsorption capacity for pseudo-second-order
K2 Rate constant for pseudo-first-order constant for the adsorption processes, g·mg–1·min–1

α Chemical adsorption rate, mg·g–1·min–1

β Coefficient in relation with extension of covered surface
ΔG° Free Gibb’s energy
ΔH° Enthalpy
ΔS° Entropy
Kc Distribution coefficient
Ceq Concentration at equilibrium, mg·L–1
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Fig. S1. Structure for the preparation acetyl-6-(phenyl azo)-7-hy-
droxycoumarin.
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Fig. S2. [Ni(L)Cl(OH2)3]H2O complex.
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Fig. S3. IR spectra of [NiLCl(OH2)3].

Fig. S4. Mass spectrum of [NiLCl(OH2)3].

Fig. S5. Thermal analysis curves (TGA, DTG) of [NiLCl(OH2)3].
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