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Abstract

The extracts of the bio-wastes produce from agricultural wastes and plants have been used for the sustainability, eco-
friendly and economic synthesis of different metallic nanoparticles. The present study has proposed synthesizing zinc
oxide particles (ZnO) by a green chemistry route using waste tea leaves extract to sequestrate tetracycline antibiotic
(TEC) from wastewater. The prepared ZnO NPs were characterized using Scanning Electron Microscope (SEM), X-ray
Diffraction (XRD), Fourier Transfrom InfraRed (FTIR), Brunauer—-Emmett—Teller (BET) surface area, and through the
determination of pHypz. The surface of the ZnO exhibits a highly heterogeneous texture with irregular, aggregated
particles and rough surfaces with a BET surface area of 41.7 m?g. Batch adsorption experiments were conducted, and
the results showed that the prepared ZnO NPs could effectively adsorb > 95% of TEC from wastewater at the optimal
conditions (pH of 5.5, shaking speed 200 rpm, adsorbent dosage 400 mg/100 ml, temperature 298 K, and 100 ppm initial
TEC concentration at 120 min contact time). The kinetics of the adsorption describes well by Pseudo-second order model
with a Kz value 0of 0.004 g/mg-min for a TEC concentration of 100 mg/L, while the mechanism was controlled by external
mass transfer and intra-particle diffusion. Langmuir model fitted well the equilibrium adsorption data with a
maximum adsorption capacity of 110.56 mg/g, and this provides evidence of a monolayer adsorption phenomenon.
Negative AH® and AG" were indicative of an exothermic and spontaneous nature. Finally, the synthesized ZnO NPs also
exhibited good regeneration potential, with only a 31% reduction in efficiency was noticed after five regeneration-
adsorption cycles.
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1. Introduction are polluted by many elements , whereby heavy
metals, dyes, pharmaceuticals and emerging
contaminants are among the most groups as they
directly affect human health [3]. The
pharmaceutical industry is a major source of
wastewater effluents containing the
aforementioned pollutants [4]. Such
pharmaceuticals are widely used because of their

effectiveness in treating broad range of illnesses

The nature of water and the environment is
one of the most imperative in modern times. Many
factors such as population growth, climate
change, pollution, and poor management of water
resources, exasperating these problems (1). In
recent decades, the increasing pollution levels in
the aquatic environment have become a concern

for many countries [2]. Drinking water resources
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in animals, poultry, fish, and humans [5]. They
are also added in small quantities to animal feed
as growth promoters [6]. Antibiotics are
introduced into aquatic ecosystems through
various pathways, such as wastewater effluents,
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agricultural runoff, and the improper disposal of
unused pharmaceuticals [7]. Among these
antibiotics, tetracycline is the most commonly
used for humane and vetrinary medicine. Many
methods have been used to separate antibiotics
from wastewater, including but not limited to
emulsion liquid membrane [8], electrocoagulation
[9], constructed wetlands [10], catalytic ozonation
[11], photodegradation [12], biological method
[13], fenton-based AOPs [14] and many other
methods. However, these treatment processes are
often ineffective at completely removing
antibiotics, allowing trace concentrations to
accumulate in surface and ground water, vary in
cost, and their successful implementation depends
on local infrastructure and regulatory support
[15]. Among the various methods currently
employed to remove antibiotics from wastewater
is adsorption due to its cost-effectiveness, high
efficiency, eco-friendly, ease of practice, and
doesn't involve transformation during treatment
[16]. Numerous studies using different groups of
adsorbent materials have widely highlighted
adsorption as a pollutant remediation process in
the literature. Material properties such as surface
area, functional groups, porosity, and morphology
greatly influence the final adsorption capacity
[17].

Metal-organic frameworks, biochar, activated
carbon, and graphene-based adsorbents have
shown high potential for adsorbing antibiotics,
require lower expertise and offer shorter
treatment time, but it is expensive [15]. Recently,
green synthesis of nanomaterials from renewable,
abundant, and low-cost materials from waste
biomass has been evaluated by many researchers.
Green nanotechnology seamlessly incorporates
advanced technologies into our everyday routines
due to its larger surface area in comparison to
bulk materials. This increased surface area
enhances their chemical reactivity, as atoms
located on the surface exhibit greater activity than
those within the core structure. Consequently,
green nanotechnology offers a wide range of
applications and innovativ solutions [18].
Nanoparticles can be synthesize through
biological, chemical or physical approaches.
However, chemical and physical synthesis
techniques frequently present several limitations,
such as the need for special instrument, potential
contamination, limited stability, high production
costs, and challenges related to re-producability
and reliability [19,20]. Moreover, these methods
often contain the use of hazardous chemicals,
which present considerable risks to both
biomedical applications and environmental safety
[21]. To reduce the impact of these drawbacks,
recently, green synthesis methods of
nanoparticles are non-toxic, biodegradable in
nature, and cost-effective. Bio-wastes derivable
from different parts of natural plants, such as

fruit peels, bark, and flowers, are rich in essential
phytochemicals including tannins, phenolics,
alkaloids, and terpenoids. These plant-based
wastes are readily present in the environment,
make them a valuable and sustainable resources
[22].

These phytochemicals function as both
reducing and stabilizing agents in the formulation
of metal oxide from their corresponding precursor
solutions. Green nanotechnology offers innovative
approaches for wastewater treatment and of toxic
contaminants removal, so, supporting the
realization of sustainable development goals
accompanying the provision of clean drinking
water. [23]. Of the various metal oxides, ZnO
nanoparticles exhibit large excitation binding
energy, high electron mobility, optical
transmittance, and high electron mobility [19].
Recently, many studies have synthesized ZnO
nanoparticles using plant extracts from different
plants [20].The limitations include potential
challenges in scaling up the synthesis of ZnO
nanoparticles. Tea leaves are cheap, include a
range of chemical compounds like tannins,

catechins, volatile oils and caffeine, each with its
own solubility characteristics. Catechins are
polyphenolic compounds possess various levels of
solubility in different solvents based on different
factors like temperature, pH and polarity. These
catechins play different roles in shaping the flavor
profile and health benefits of tea leaves. Notably,
the total content of catechins in green tea can
account for up to 30% of the dry weight of the tea
leaves Furthermore, some other plants also
contain catechins, but in lesser quantities than
tea [24;25] and can also be used for the green
preparation of ZnO NPs. To the best of our
knowledge no previous work on the removal of
tetracycline  from wastewater by adsorption
using zinc oxide prepared from tea leaves. Hence,
as a novelty and in view to full in the paucity of
published data on the use of biomass based
adsorbent for removing TEC, the adsorption of
TEC was investigated by using green zinc oxide
nanoparticles to give some cues for future
research and applications contributing to the
improvement of efficiency of the adsorption
process by promoting circular economy practices
and minimizing organic waste . The present work
focuses on: (1) the green producing of zinc oxide
nanoparticles using waste tea leaves extracts and
testing the ability to adsorbed tetracycline, (2)
investigating the physiochemical characteristics
of the zinc oxide nanoparticles via FTIR, XRD,
SEM, BET and TEM, (3) evaluating the TEC
removal efficiency under various experimental
conditions, (4) studying the thermodynamic,
isotherm and kinetic of adsorption process and (5)
investigate the desorption of tetracycline and the
regeneration of ZnO nanoparticles.
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2. Materials and Method
2.1. Materials

Tetracycline hydrochloride (C,,H,,N,Og) in
powdered form was sourced from a -certified
pharmaceutical manufacturer in Iraq, and
utilized as received without further purification.
Physicochemical properties of tetracycline are
molecular weight 480.9 g/mol and Purity 98 %,.
One gram of TEC was dissolved in 1L deionized
water under vigorous agitation for 25 min to
prepare a homogeneous 1000 mg/L stock solution.

2.2. ZnO Synthesis

Before starting the experiments, all
glassware was autoclaved to remove any
contamination. Initially, 10 g of tea leaves are
subjected to washing to remove dust particles,
drying, and converted to small pieces before being
boiled in 100 mL of distilled water at 80 °C for 2 h
to prepare their extract. Then, 100 mL aqueous
tea extract was transferred to a 500 mL beaker
and positioned above a magnetic stirrer (hot plate
with magnetic stirrer). The rotation per minute
(rpm) and temperature were set at 4000 rpm and
80°C, respectively. Then, 0.01 M solution of (Zn
(NOs).'6H20) as the inorganic metal oxide was
prepared in distilled water and 250 mK of this
solution was gradually added. After the addition
of zinc nitrate, the pH was adjusted to 11 and
magnetically stirred until the reaction mixture
turned pale yellow. Then the mixture was
naturally left to cool to 25 °C. The resulting
precipitate was allowed to settle before being
separated from the mixture via centrifugation at
4000 rpm for 10 min. The resulting solid was then
washed with deionized water to eliminate residual
impurities, followed by drying in an oven at 60 °C.
After that, the ZnO nanoparticles were grashed
and stored in a sealed, airtight container.

2.3. Characterizations

Transmission electron microscopy (TEM) was
employed to determine the nanostructure of ZnO
nanoparticles. FTIR spectra were used for the
functional groups examination on the ZnO
surfaces in the range of 350 - 4000 cm. The
structure and the morphology of the prepared ZnO
NP were examined using scanning electron
microscopy (SEM). The pore size distributions and
specific surface area were examined by Brunauer-
Emmett-Teller (BET) analysis (Quantachrome
Noval000 e, Germany). Finally, the crystallinity
and structure of the prepared sample were
examined using X-ray diffraction (XRD) Patterns,
the measurements were carried out on a Siemens
D-500 diffractometer operated at 40 mA and 40
kV, using Cu-Ka radiation (A = 1.5418 A), with a
scan rate of 0.05° S over a 20 range of 0-80°.
These characterization techniques provided

complementary insights into the structural order,
surface chemistry, and elemental distribution of
the synthesized material, enabling a deeper
understanding of its potential performance in the
intended application.

2.4. Batch Experiments

The effect of various parameters on TEC
sequestration percent by ZnO such as initial pH
(8-9), ZnO dosage (0.1-0.5 g per 100 mL of TEC
solution), contact time (up to 120 min , 150-250
rpm agitation speed, initial TEC concentration
(25—-150 mg/L) and temperature (25 — 45 °C) was
investigated. A stock solution of 1000 mg/L
prepared and kept at 30 °C. This solution was
further diluted to obtain the required TEC
concentrations. Kinetic adsorption experiments
were conducted at 298 K using an initial pH value
of 5.5, which was adjusted using 0.1 M NaOH and
0.1M HCI. For each experiment, 100 ml of TEC
solution was added to 0.4g of ZnO. After
adsorption, the mixture was filtered using
0.45 pum filter paper to separate ZnO, and the
residual TEC concentration was quantified using
a UV-Vis spectrophotometer at the maximum
absorbance wavelength of 200 nm.

Equations (1) and (2) were subsequently employed
to calculate the removal efficiency (percent) and
uptake (qe) of the adsorbent, respectively [26].

Removal Efficiency (%) = C"C;OCG x100 (1)
ge = Co=CalV ©)

Where, Co and C. represent the initial and final
TEC concentrations (mg/L) respectively, V
presents volume of the TEC solution (L), m
denotes the adsorbent mass (g) and qe (mg/g) is the
quantity of TEC adsorbed onto zinc oxide.

2.5. The Zero Charge Point (pHpzc)

To ascertain the zero charge point of Zinc
oxide adsorbent, 40 mL (0.1 M KNOs was
prepared. Then the pH of the prepared solution (2
-12) was then attuned by the addition of 0.1 M
NaOH and/ or HCI. Then, shaken for 24 hours at
150 rpm under 30 °C with the add-on a specific
volume of zinc oxide particles. After filtering the
pH was measured. The point zero charge of the
adsorbent was get by plotting the (initial -final)
pH vs. the final pH (4).

3. Results and Discussion
3.1. Adsorbent Characterizations

The X-ray diffraction (XRD) represents one of
the most 1important methods of material
crystallinity investigation (27). The XRD pattern
of the synthesized sample, presented in Figure 1,
confirms the successful formation of crystalline
zinc oxide. The diffraction peaks are intense and
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sharp, indicating a high degree of crystallinity.
The most outstanding diffraction peaks are
ascertained at 20 values of approximately 31.7°,
34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.4°, 67.9°, and
69.1°, which match to the (100), (002), (101), (102),
(103), (110), (200), (112), and (201)
crystallographic planes, respectively, these
reflections are in excellent agreement with the
standard hexagonal wurtzite structure of ZnO, as
indexed by (JCPDS card No. 36-1451) [28]. The
distinct diffraction peaks observed match various
crystal planes characteristic of hydrotalcite-like
materials, while the narrow peaks are attributed
to the great crystallinity of the synthesized
particles [29,30]. The absence of any secondary
phases or impurity peaks indicates the high purity
of the synthesized nanoparticles. Furthermore,
the intensity and sharpness of the diffraction
peaks indicate a high degree of crystallinity.

Based on the full width at half maximum of the
most intense peak (usually related to the (101)
plane at 36.20°), the average crystallite size can
be estimated using the Scherrer equation. These
findings are in good accordance with earlier
reports on ZnO nanostructures [31].

The FTIR spectrum of the prepared ZnO
displayed in Figure 2, provides insight into the
surface functional groups and chemical bonds
present within the sample. The absorption peak
observed at 3425.58 cm™ is ascribable the
stretching vibrations of hydroxyl (—OH)
functional groups, which maybe originate from
adsorbed water molecules or surface-bound
hydroxyl groups. This is further supported by the
weak bending vibration at 1631.78 cm™, typically
associated with H-O—-H bending of physisorbed
water. The distinct absorption at 1762.94 cm™
may be attributed to C=0 stretching vibrations of

10 20 30

S0 60 70 80

Position {* 2Theta] (Copper (Cu))

Figure 1. (A) SEM image, (B) SEM-EDX mapping, followed by its materials constituent, (C) Tungsten (W),
(D) Bi (Bismuth), (E) Mo (Molybdenum), and (F) their ternary diagram in W-based POM composite.
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Figure 2. FTIR characterization of ZnO.
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surface-bound carboxylic or carbonyl groups,
possibly originating from residual organic
precursors or atmospheric CO, adsorption during
synthesis. Additionally, the band ascertained at
1388.75 cm™ can be linked to symmetric
stretching vibrations of carbonate (CO3%”) species,
while the peak at 1354.03 ¢cm™ may also be
associated with C—O stretching modes. The sharp
and well-defined band at 1051.20 cm™ might
indicate the presence of residual nitrate or sulfate
groups, often retained from precursor salts used
in wet chemical or sol-gel synthesis methods. The
weak band at 827.46 cm™ could correspond to out-
of-plane bending vibrations of O-H groups or
contributions from M-OH bonds. Most
importantly, the series of absorption bands in the
range of 400-600 cm™, specifically at 518.85 cm™,
493.38 cm™!, and 439.77 cm™, are indicative of Zn—
O stretching vibrations associated with crystal
structure of ZnO. These bands confirm the
successful formation of ZnO and reflect the metal—
oxygen framework within the lattice [32, 33]. The
FTIR analysis supports the XRD findings by
confirming the existence of Zn—0 bonds indicative
of ZnO formation. Additionally, the existence of —
OH, C=0, and CO; groups suggests surface-bound
species or minor residuals from the synthesis
process, which may play a role in surface
reactivity and interaction with adsorbates in
applications such as adsorption.

The morphology of the adsorbent's surface
before and after the adsorption was investigated
using SEM analysis. Figure 3A-B illustrates the
surface morphology of ZnO before and after
adsorption. As observed in Figure 3A, the surface
of the ZnO exhibits a highly heterogeneous

‘A\\ ‘JJ"" V
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View field: 8.48 pm Det: InBeam
SEM MAG: 15.0 kx | Date{m/d/y): 01/20/125
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View field: 8.48 pm
SEM MAG: 15.0 kx  Date{midly): 01/20/25

texture with aggregated, irregular particles and
rough surfaces, indicative of a porous structure
capable of providing multiple active adsorption
sites. The existence of plate-like and flaky
structures suggests the layered nature matrix ,
which assist enhanced surface interaction with
the target contaminant. The surface appears
smoother and more compact, with a decrease in
the visible porosity and a more uniform particle
distribution. This morphological changes means
the successful occupation of active sites by the
TEC molecules and possible partial pore
blockage, confirming the capacity of adsorbent.
These results provide indication of the structural
compatibility and high adsorption potential of
ZnO forTEC sequstration, agrees with previous
studies [34], and reinforce the efficiency of this
material in real-world applications

The pore structure properties of ZnO, as
determined by BET analysis, indicate a BET
surface area of 41.7 m?/g, a pore volume of 0.091
cm®/g, and an average pore diameter of 14.7 nm.
According to these measurements, the
synthesized ZnO falls within the nanoscale
range, as the average pore diameter is less than
100 nm, in agreement with the criteria reported
in previous studies for classifying materials as
nanostructured.

TEM analysis was employed to elucidate the
internal morphological structure of the
synthesized nanomaterial and to acquire crucial
data concerning the dimensions, composition,
structure, and other characteristics of the
nanoadsorbent. As depicted in the TEM
micrographs (Figure 4), the ZnO exhibits an
irregular morphology. However, the majority of

SEM HV: 15.0 kV WD: 9.09 mm

Det: InBeam

MIRA3 TESCAN

Figure 3. SEM images (A) ZnO before adsorption, and (B) ZnO after adsorption.
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the particles are typically integrated hierarchical
structures comprising crystallites of varying
sizes, ranging from spherical to rod-shaped. Its
distribution was optimized to provide an adequate
number of active sites without becoming so dense
as to cause site blockage.

3.2. Affecting Parameters on TEC Adsorption

The pH of the solution 1is a critical parameter
that significantly influences the surface charge of
the adsorbent and the ionization state of the
pollutant, thereby controlling speciation in
solution, and the overall adsorption mechanism
[35]. Contact time is another key factor, as
prolonged interaction between adsorbent and
adsorbate generally increases removal percent
until equilibrium is attained [16]. In the present
study, the removal percent was investigated over
a pH range (3—9) and different contact time (5—
180 min). As shown in Figure 5, removal percent
enhanced with increasing contact time at all pH
values, reaching near-equilibrium between 120
and 180 min. The maximum removal of (84%) was
obtained at pH of 5.5, suggesting that this pH
provides an optimal balance between adsorbent
surface charge and the ionic state of tetracycline,
thus maximizing electrostatic attraction and
availability of active sites. At strongly acidic
conditions (pH of 3), the removal efficiency
remained low, even at extended contact times,
likely due to excessive protonation of both ZnO
surface and tetracycline molecules, resulting in
competition with H* ions for adsorption sites. At
pH of 7, a slight decrease was observed compared
with the optimum, which can be attributed to the
surface approaching neutrality or becoming
slightly negatively charged, thereby reducing
attractive interactions. The newly tested alkaline
conditions, pH of 8 and 9, showed a more
pronounced decline in removal efficiency relative
to the acidic-to-neutral region. This decrease can
be explained by the point of zero charge of ZnO
(pHypze = 7.5, Figure 5A). Above this value, the ZnO

surface acquires a negative charge, while
tetracycline species are predominantly anionic.
Consequently, electrostatic repulsion between the
adsorbent surface and tetracycline reduces
adsorption efficiency. Additionally, competition
from OH™ ions for surface sites and changes in
tetracycline speciation may further hinder
adsorption under alkaline conditions. Overall,
these results confirm that adsorption is highly
pH-dependent, with pH of 5.5 and a contact time
of 120 min providing the most favorable
conditions. This behavior aligns with the surface
chemistry of ZnO and the speciation of
tetracycline, reinforcing the combined importance
of solution pH and interaction time in optimizing
adsorption performance.

The adsorbent dosage is an additional
parameter that has a direct effect on the
sequestration of TEC from solution [36]. The
combined influence of contact time and ZnO
dosage on TEC removal efficiency is illustrated in
Figure 6. The study investigated adsorbent
dosages in the range (0.1 - 0.5 g/100 mL) in contact
with a 50 mg/L TEC solution, under constant pH
of 6 and agitation speed of 200 rpm at interaction
time for up to 120 minutes. As ascertained in the
Figure 6, the removal percent increased
progressively with extended interaction time for
all tested dosages. This behavior indicates that
TEC uptake onto the ZnO composite is time-
dependent, especially during the initial stages
(first 60 minutes), where a rapid rise in removal
efficiency is noted. This is likely due to the
abundant availability of active sorption sites on
the adsorbent surface, enabling fast external
surface adsorption and intraparticle diffusion. At
each time point, increasing the adsorbent dosage
enhanced the removal efficiency up to a certain
threshold. Specifically, 0.4 g/100 mL adsorbent
dosage yielded the highest TEC removal (~91%)
after 120 minutes, indicating that this dosage
offers an optimal balance between surface area
availability and contaminant load. The
improvement in removal with higher dosage is

Figure 4. TEM images of the ZnO adsorbent.
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primarily attributed to enhance the surface area,
which increase the binding sites on the surface
which enhance adsorbate—adsorbent interactions
allowing more TEC to be adsorbed [37]. However,
further increase in the dosage to 0.5 g/100 mL
resulted in a slight decline in removal efficiency
(~84%). This phenomenon is attributed to possible
interference between the binding sites due to the
increased of adsorbent dosage which leads to
reduced effective surface area and pore blockage.
Such effects limit the accessibility of binding sites
for TEC molecules and may introduce mass
transfer resistance due to a decreased inter-
particle distance and stronger adsorbate-
adsorbate repulsion on closely packed surfaces.
These findings align with commonly observed
behavior in solid-liquid adsorption systems, where
an optimal adsorbent dosage exists beyond which

efficiency either plateaus or decreases due to
physicochemical constraints. So that, 0.4 g/100
mL was selected as the optimal dosage for the next
experiments, as it offered the highest removal
efficiency while maintaining material economy
and adsorption site availability.

To evaluate the influence of agitation speed
on the external mass transfer process, three
different speeds were investigated at the best pH
and adsorbent dosage using ZnO. As represented
in Figure 7, the removal percent enhanced with
increasing contact time for all agitation speeds,
reflecting the time-dependent nature of the
adsorption process. Notably, the system at 200
rpm achieved the highest removal efficiency along
all intervals, achieving approximately 90% at 120
minutes contact time in comparison to 84% and
86% at 150 and 250 rpm, respectively. At lower

3 A PZCi=7'5
2 =4~ pHj-pHg
1
el
o o
?.0
T 10 L2 14
-1
2
-3
90
aPH=3
85 | mpH=45

Removal Effeciency %

s 10 15 25

60 %0 120 150 180

Shaking Time (min.)

Figure 5. (A) pHpzc for ZnO, (B) The influence of pH on TEC removal onto ZnO at ( TEC Conc. = 50 mg/L,
T = 30 °C, Shaking Speed = 200 rpm, Dosage of adsorbent = 0.2 g/100 mL, and Time = 180 min.).
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agitation (150 rpm), limited dispersion of
adsorbent particles likely hindered access to
active binding sites, reducing removal. While
higher agitation (250 rpm) initially improved
mixing, excessive turbulence may have disrupted
equilibrium by causing particle aggregation or
desorption. These findings suggest that moderate
agitation (200 rpm) offers the most favorable
conditions for efficient TEC removal, and it was
thus adopted in subsequent experiments.

The influence of both the initial TEC
concentration and the interaction time on the
adsorption capacity and removal efficiency was
investigated at pH of 6, using 0.4 g/100 mL ZnO
dosage and 200 rpm agitation speed. The results
are shown in Figure 8(A-B), which reveal the
relationship between different initial
concentrations (25—150 ppm) and contact time (5—
120 min). As seen in Figure 8A, the removal
percent increases with prolonged shaking time for
all concentrations. A rapid increase is observed
within the initial 30—40 minutes, then a slower

@Dose=0.1 gn/100 ml
@Dose = 0.2 gm/100 ml
85 | wDose =03 gn/100 ml
@ Dose =0.4 gn/100 ml
wDose = 0.5 gm/100 ml

Removal Effeciency %

5 10 15 25 40 60 90 120

Shaking Time (min.)

Figure 6. The influence of the ZnO dosage on the
sorption at (Conc. of adsorbate = 50 mg/L, T = 30
°C, Shaking Speed = 200 rpm, pH = 5.5).
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Shaking Time (min.)
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rate of increase until equilibrium is approached at
around 90-120 minutes. At each time point, the
removal efficiency is inversely proportional to the
initial concentration, at 120 minutes, reaches
approximately 95% removal efficiency for 100 ppm
initial TEC concentration, while it remains lower
(~81%) for 150 ppm. This behavior may be
attributed to the saturation of available active
sites on the adsorbent surface, where the
adsorption capacity is related to the active site of
the adsorbent meaning that the adsorption of the
adsorbate stops when all sites on the adsorbent
surface have interacted with the adsorbate [38].
At lower initial concentrations, the ratio of
available adsorption sites to contaminant
molecules is higher, allowing for more effective
removal. In contrast, at higher concentrations, the
relative scarcity of active sites results in a
decrease 1n removal percentage due to
overcrowding and site saturation. In a Figure 8B
shows that the uptake (mg/g) increases with both
contact time and initial concentration. This is

100

W Agitation Speed = 150 rpm

W Agitation Speed =200 rpm
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W Agitation Speed =250 rpm
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5 10 15 25 40 60 92 120

Shaking Time (min.)

Figure 7. The influence of agitation speed on
sorption onto ZnO at (Conc. of adsorbate = 50
mg/L, T = 30 °C, Dosage of adsorbent = 0.4 g/100
mL, pH=5.5).
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4 C0=50 ppm
®C0=75 ppm
©C0=100 ppm
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Adsorption Capacity (mg/g)

5 10 15 25 40 60 2 120
Shaking Time (min.)

Figure 8. The effect of (A) initial concentration, and (B) adsorption uptake on the TEC sorption onto ZnO
at (T =30 °C, 200 rpm, Dosage of adsorbent = 0.4 g/100 mL, pH = 5.5).
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consistent with expectations, as a higher
concentration creates a stronger concentration
gradient, which acts as the driving force for mass
transfer between the aqueous phase and the
adsorbent. As the initial concentration increases
from 25 to 150 ppm, the adsorption capacity rises
markedly, with the maximum capacity exceeding
30 mg/g at 150 ppm after 120 minutes. This
indicates that the adsorption process 1s more
efficient at higher concentrations. At lower
concentrations, monolayer adsorption dominate,
while multilayer adsorption becomes more likely
at higher concentrations, due to the availability of
additional contaminant TEC molecules and
interactions between molecules and adsorbed
species [39]. The initial fast adsorption phase is
due to the availability of a larger number of active
sites, which allows for easy access and strong
interaction with the target molecules. As time
progresses, these sites become increasingly
occupied, and the process slows down due to steric
hindrance and repulsive forces among adsorbed
molecules [40]. Beyond 90 minutes, the system
reaches near-equilibrium, indicating that most
available binding sites are saturated and no
further significant wuptake occurs. Similar
behavior on the effect of the adsorbate
concentration on the removal efficiency has been
reached by researcher [41] for the adsorption of
methylene blue from the aqueous phase onto rice
husk ash.

3.3. Adsorption
Temperature Effects

Thermodynamics and

Temperature is a further vital parameter for
the sorption process. The effects of four different
temperatures on the adsorption of TEC onto zinc
oxide particles are investigated and the results
presented in Figure 9 (A and B) reveal a decline in
adsorption efficiency from 94% to 82.5% as the
temperature increased from 298 K to 318 K. This
decrease suggests that higher temperatures
reduce adsorption effectiveness, likely due to
enhanced mobility of adsorbate molecules, which
promotes desorption over adsorption. As the
temperature rises, the adsorbate tends to
overcome the attractive forces of the adsorbent,
leading to the deactivation of active sites on the
surface and thus a decrease in performance.

Table 1. Thermodynamic parameters.

Temperature AG® AS° AH®
(K (J/mol)  (J/mol.K)  (J/mol)
298 -3381
303 -2093
-235 -68500
308 -1551
318 -0343

According to these results the adsorption process
is exothermic reaction. This behavior is in
agreement with the findings of [42], who reported
similar thermal sensitivity in adsorbent systems.
From a thermodynamic perspective, entropy
change (AS°) is considered a key driving force for
adsorption n isolated systems [43].
Thermodynamic parameters including enthalpy
change (AH’), entropy change (AS°), and Gibbs free
energy change (AG°) were calculated using the
Van't Hoff equation [44]:

Ko = z_e 3)
AG® (kJ/mol) =- R T In K» ()
In K== - (5)

where, T (K) and R (8.314 J/mol.K) represents the
temperature and the constant of universal gas,
respectively.

The thermodynamic parameters (AH®°, AS°,
and AG°) derived from the Van’t Hoff plot are
presented in Table 1. The negative value of AS°
suggests a decrease in randomness at the solid—
liquid interface during the adsorption of
tetracycline (TEC) onto ZnO, indicating a more
ordered interfacial structure. The exothermic
nature of the process is confirmed by the negative
AH’, while the negative AG® values across the
studied temperatures confirm the spontaneity
and thermodynamic favorability of the adsorption
process.

3.4. Reusability of ZnO and Desorption of TEC

A series of five sequential adsorption—
desorption experiments was done. For the
desorption phase, 0.4 g of previously used ZnO
was treated with 0.2 M hydrochloric acid, stirred
continuously for 2 hours, then subjected to
filtration, rinsing, and drying before reuse. TEC
removal efficiency was monitored across the cycles
using Equation (2). As shown in Figure 10, a
noticeable reduction in efficiency occurred over
time, with the value declining to 61% by the fifth
cycle. This decrease is likely due to the progressive
deactivation of adsorption sites, possibly caused
by physicochemical modifications to the ZnO
surface during repeated regeneration steps. As a
result, zinc oxide particles work well to adsorb
tetracycline from aqueous solution. The
comparison of the uptake of the present study
with other previous studies is depicted in Table 2.
These results indicated that ZnO adsorbent is a
relatively efficient adsorbent for the sequestration
of tetracycline antibiotic from the liquid phase.

3.5. Adsorption and Desorption Kinetics
3.5.1. Adsorption kinetics

The effectiveness of a sorption system is
primarily influenced by the rate at which
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contaminants migrate from the aqueous phase to
the surface of the adsorbent. The adsorption rate
serves as a key parameter for interpreting the
adsorption process. Adsorption kinetics not only
determine the rate of molecule uptake but also
provide insight into the required residence time in
both batch and continuous systems, as well as the
overall performance of the adsorbent [57]. To
analyze the experimental kinetic data, the
following kinetic models were applied.

Pseudo-first-order (PFO) model as in
Equation (6) describes the rate at which the
sorbate is adsorbed from the aqueous solution
onto the adsorbent surface [58]:

In(qe — q) = In g, — K;. (6)

where, qe and gt (mg/g) denote the amounts of
contaminant adsorbed onto the solid adsorbent at
equilibrium and at a given time ¢, respectively,
while K; (min™) represents the pseudo-first-order
rate constant.

The Pseudo-Second-Order (PSO) model as
represented in Equation (7), assumes that the
adsorption process involves the formation of a
monolayer of the contaminant on the adsorbent
surface. It further presumes the absence of
interactions among adsorbed species and a
uniform sorption energy across all active sites of
the adsorbent [34].

=Ly (M

Table 2. Maximum adsorption capacity (qmax) of TEC using different adsorbents.

Tem Dosage Initial Shaking Time
Adsorbent (K)p. (mg /ﬁ) pH conc. speed M) (;27;) Ref.
(mg/l) (rpm)
Fe304@Si02-chitosan/graphene 298 500 7 100 80 1 110.22 [45]
oxide
a-Fe20s/RGO 298 80 6 10 180 1.5 9.690 [46]
Cu-immobilized alginate beads .15318 1000 90 150 58.57 [47]
Pistachio shell powder @ zinc 298 1000 60 150 98.717 [48]
oxide
7Zn0/Fe;04 Magnetic 298 500 7.5 50 150 2 80.1 [49]
Nanocomposite
Cerium oxide nanoparticles 313 600 6 125 150 1 57.14 [50]
Vitamin B6 @ biochar 298 1000 60 150 2 76.92 [61]
Zero-valent Iron @ AC 298 1000 7.1 50 150 1 81.5 [62]
AC @ zeolitic imidazolate 298 1000 7 50 250 2 35.64 [563]
CuCoFe204 @ Chitosan 298 400 3.5 5 150 0.333 4.484 [64 ]
Alkali acid-modified magnetic 298 500 10 50 150 24 97.96 [55]
biochar
Geopolymers from tourmaline 318 500 5 10 150 5 105.4 [56]
tailings (TMT-GP1.2)
CaMgAl-LDH/RM 298 400 6 70 150 1.5 108.753 [4]
Zn0O 298 400 5.5 100 200 2 110.56 Current
study
96 16
94
94
14 .
92 y =5428.5x - 16.965
© 90.18 12 R*=0.9551
> g
& 88 1
g w -
g g g os
m =]
£ & 825 T s
E 82 04
80
02
78
0 - - - - -
76 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
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Temperature (K)

Figure 9. The temperature effect on the adsorption of TEC.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (2), 2026, 395

where, K, (g/mg.min) denotes the pseudo-second-
order (PSO) rate constant.

At the initial stage of adsorption (¢ — 0), this
model 1s employed to determine the initial
adsorption rate A (mg/g ‘min), as calculated using
Equation (8):

h=Ka. qge? ®
Intraparticle Diffusion Model (IPD): this model,

introduced by Weber and Morris, is expressed
through Equation (9):

120

®Pure (max.)
WHCI

100 | 9524 04

90.28
84.6
75
61
20
0
2 3 4 5

Pure (max.) 1

Removal Efficiency (%)
. o
2 2

IS
H

Cycle

Figure 10. The reusability of ZnO and TEC

desorption.

Q= ki 112+ C 9)

where, Ki and C represent rate constant (mg/g.
min'2) and intercept value, respectively.

The adsorption behavior of TEC onto the ZnO
composite was investigated as a function of time
under varying initial contaminant concentrations,
and the experimental data were interpreted using
different kinetic models. The kinetic parameters
and corresponding determination coefficients (R?)
are summarized in Table 3. Among the applied
models, the PSO model exhibited a higher R2
value compared to the PFO model, and its
calculated adsorption capacity closely matched
the experimental value. Also, these results
confirms that parts of the TEC adsorption process
on the ZnO surface are controlled by the
chemisorption as the rate-limiting step. (Figure
11 A and B).

To determine the intra-particle diffusion
(IPD) constants (Equation 9), a linear regression
fitting approach was employed, with the results
presented in Table 3. The IPD plots (Figure 11 C)
display multilinear trends, implying that the TEC
adsorption process involves multiple sequential
mechanisms. In the initial stage ("portion 1"), a
sharp slope is observed, suggesting rapid external
surface adsorption facilitated by the abundance of
available active sites. This phase typically occurs
within the first two minutes. In the subsequent

Table 3. Kinetic parameters of TEC adsorption onto ZnO particles.

Co (mg/L)
Kinetic Model Parameter
50 75 100 150
Qexp.(g/g) 5.03 11.27 17.74 23.81 30.49
. ge (mg/g) 3.16 7.73 20.67 20.30 19.07
Pseudo-first-order
Ki (min‘1) 0.0356 0.0722 0.066 0.24 0.0419
R2 0.985 0.9653 0.8572 0.6608 0.9962
ge (mg/g) 5.44 12.17 19.12 25.58 32.47
K> (g/mg) min) 0.01838 0.00908 0.00557 0.00470 0.00396
Pseudo-second-order
R2 0.9988 0.9995 0.9985 0.9987 0.9994
h (mg/g) min) 0.54 1.34 2.04 3.07 4.18
Kint1 (L/mg) min'2) 2.1359 3.4798  5.4305  0.9937  6.5454
C1 (mg/g) 0 0 0 0
R2, 1 1 1 1
, Kint 2 (L/mg) min'2) 1.2084 1.7276  2.2318  0.5655  2.8468
Intra particle- Cs (mglg) 0.9661  0.9587 0994 09791  0.9701
diffusion
R2, 0.9661 0.9587 0.994 0.9791 0.9701
Kint 3 (L/mg) min'2) 0.442 0.9198  0.8787  0.1549  1.1545
Cs (mg/g) 7.0432 8.9972 15.553 3.436 19.371
R23 0.9924 1 0.964 0.9553 0.9394
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phase ("portion 2"), the slope becomes less steep,
indicating a transition to intra-particle diffusion
as the rate-controlling step. Finally, in the
equilibrium phase ("portion 3"), the slope
plateaus, reflecting diffusion limitations due to
the lower concentration of residual TEC in
solution.

Furthermore, the Arrhenius equation was
employed to evaluate the activation energy (¥a) of
the adsorption process, providing insight into the
energy barrier associated with TEC uptake onto
Zn0. To determine the activation energy (Ea)
according to adsorption kinetics, the value of A is
calculated using Equation (10):
h=(1/b) (10)
Then the activation energy (E.) can be calculated
using Equation (11):

activation energy of TEC adsorption process onto
zinc oxide is found equal to 15.130 kdJ/mole.K.

3.5.2. Kinetics of desorption

Desorption kinetics were analyzed using PFO
and PSO models to evaluate the recovery rate [59].
In this study, the kinetic behavior of the
experimental desorption data was interpreted
using Figure 12. The modified PFO model
assumes that the rate of desorption is directly
proportional to the number of adsorption sites
occupied by tetracycline (TEC), as represented in
Equation (12):

dq _

at _Kl,des- q

12)

where, Kides denotes the 1st order rate constant
(min~1). The modified PSO model scribe the

desorption rate as being the square of the number

E.=RT(nh-Ink) (11) of fill sites (Equation (13)):
where, & is the rate constant of the second order % = —K; ges- ¢° 13)
reaction and b is the coefficient of the second order
kinetics equation. According to Equation 11, the
30.00
+C0=25 ppm A
= C0=50 ppm
2500 | 4C0=75ppm
C0=100 ppm
+ C0=150 ppm
5 2000
g
I
g
é 15.00
Ry
10.00
0 20 40 60 80 100 120 140
Shaking Time (min.)
4.00 * w=4==C (=125 ppm
B -n—CHn::m C

2.00

0.00

-2.00

In (ge-qt)

-4.00 A

+C0=25ppm
= C0=50 ppm
ACO0=75 ppm
C0=100 ppm
©C0=150 ppm

-6.00

-8.00

0 20 40 60 80 100 120

Shaking Time (min.)

qt (mg/g)

b

=—C0=75 ppm
#-C0=100 ppm
C0=150 ppm

T4 (min.}3)

Figure 11. The kinetic models fitted to TEC adsorption.
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Ko 4es 1s the 20 order desorption rate constant
(g.mgl.min!). Numerical integration over time

was carried out iteratively for both rate
expressions, as illustrated in Equation (14):

d
dn+1~ qn- (d_i[)n (tn+1 - tn) (14)

where, go denotes the initial concentration of TEC
at time ¢, = 5 minutes, as determined from the
preceding adsorption phase, while gn represents
the residual TEC concentration at time ¢,.
According to Equation (14), the TEC
concentration (mg/g) at time t,,; is obtained by
subtracting the desorption rate multiplied by the
time increment from the concentration at ¢,.

As presented in Table 4, PSO model generally
yielded higher correlation coefficients (R? > 0.902)
compared to PFO model. Despite this, minimal
differences were observed between the predicted
(qn+1) and experimental (q,) values. Similar
findings were reported by [60], who concluded that
the modified PSO model provides a more accurate
representation of desorption kinetics than its PFO
counterpart.

3.5.3. Mechanism of TEC adsorption onto ZnO

ZnO exhibits amphoteric characteristics and
has a point of zero charge (pHp.) around 7.5. This

Table 4. TEC desorption kinetic parameters.

means that at pH values below 7.5, such as the
acidic condition of pH of 5, the ZnO surface carries
a net positive charge or shows amphoteric
behavior allowing interactions with ionic species.
At this pH, the ZnO surface can interact
effectively with the zwitterionic form of
tetracycline (TEC), which contains both positive
and negative functional groups. Additionally, Zn2*
ions present on the ZnO surface can form
coordination complexes with TEC molecules,
further enhancing adsorption. Therefore, the
adsorption of TEC on ZnO involves a combination
of electrostatic interactions and surface
complexation between TEC molecules and Zn2+
cations, leading to improved adsorption capacity,
Figure 13.

3.5.4. Sorption isotherm

Adsorption is quantitatively characterized by
isotherm models, which depict the equilibrium
relationship between contaminant concentrations
in the solid adsorbent and the liquid phase at a
constant temperature, elaborate on the properties
and type of adsorption as well as how the
adsorbate interacts with the adsorbent [61]. When
plotting the amount of adsorbate per unit mass of
adsorbent (ge) against the equilibrium
concentration in solution (C.), qe is observed to
increase with Ce, though not in a strictly

Cycl
Kinetic Model Parameter yee
1 2 3 4 5
gn (mg/g) 9.4 9.028 5.5 7.5 6.1
. gn+1 (mg/g) 9.322 8.9527 5.4656 7.4219 6.049
Pseudo-first-order .
K1 ges (min?) 0.0023 0.0033 0.002 0.0032 0.004
R2 0.824 0.837 0.835 0.813 0.811
gn+1 (mg/g) 9.326 8.943 5.468 7.406 6.015
Pseudo-second-order  Kades (g/mg. min) 0.0003 0.0005 0.0004 0.0005 0.0009
R2 0.902 0.917 0.970 0.970 0.993
A .5
tA—_J‘—_\*___l—:_\_\_‘ B
0.25 2] v R T — * —_
+ "\1‘1\ e
s S—
o 02 1 ‘ \\\“\\ I
% s 5 T
el s
oo [ 20 a0 60 80 100 120 140 ’ 0 20 40 60 80 100 120 : 140
Time (min.)

Time (min.)

Figure 12. The kinetic of TEC desorption.
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proportional manner [61]. The principal
adsorption isotherm models are summarized as
follow: The Langmuir model, developed in 1916
assumes that the adsorption process occurs at
certain active sites localised to the adsorbent
surface with all adsorption sites homogeneous in
terms of energy [62], is as shown in Equation (15):

_ KL-Gmax-Ce
€T 14KL.Ce (15)
where, ¢g. denotes the amount of adsorbate

adsorbed at equilibrium (mg/g); Qgmax 1s the
maximum sorbate uptake capacity (mg/g); K is
the Langmuir isotherm constant (L/mg); and C,
represents the equilibrium concentration of
sorbate in solution (mg/L). This model interprets
adsorption data by assuming uniform sorption
energies across the adsorbent surface and no
interactions between adsorbed molecules at
adjacent sites. Freundlich’s model is as shown in
Equation (16):
qe = K. C./™ (16)
where, n and Kr representing the intensity and
adsorption capacity, respectively.

Each parameters for isotherm model were
determined by fitting the models to the
experimental data. The corresponding sorption
isotherms are illustrated in Figure 14, while all R?
values are summarized in Table 5. Among the
models, the Langmuir isotherm exhibited a higher
R? compared to the Freundlich model.
Nevertheless, both the sum of squared residuals
(SSR) and the adjusted sum of squared residuals
(ASSR) indicated a generally good agreement
between the experimental and predicted values.

7Zn0O
pH 5

Zwitteringie

\Zwitterionic coormdection

Tetracycline (TEC)
illustration of TEC

Figure 13. Schematic
adsorption onto ZnO.

3.6. Comparison Between Green-Synthesized and
Commercial ZnO

The adsorption performance of the green-
synthesized ZnO was compared with that of
commercially available ZnO wunder identical
experimental conditions. The results showed that
the green-synthesized ZnO achieved a removal
efficiency of 95%, while the commercial ZnO
exhibited a slightly higher efficiency of 97%. This
marginal difference indicates that the eco-
friendly, plant-based synthesis route can yield
Zn0O nanoparticles with nearly comparable
performance to the industrial material, while
offering the added advantages of sustainability,
non-toxicity, and the use of renewable resources.
Therefore, the synthesized ZnO demonstrates its
potential as a viable alternative to conventional
ZnO for antibiotic removal (Figure 15).

4. Conclusions

In the present study zinc oxide nanoparticles
were successfully synthesised using green tea
leaves extract as caping and stabilization agent,
characterized and then used to remove TEC
antibiotic in aqueous solution. The zinc oxide
structure and size were confirmed by SEM

Table 5. Parameters of Langmuir and Freundlich's

model.
Langmuir Freundlich

gmax (mg/g)  110.56 K 491
K. 0.0246 1/n 1.515
R2 0.9984 R2 0.9859
SSR 105.7687 SSR 122.8437
ASSR 0.1693 ASSR 1.7290
X2 0.0763 X2 0.7791
RL 0.4481

40

38

30

2
& 15

10

: "

. — Freundiich

0 5 10 15 20 25
Ce (mg/l)

Figure 14. Isotherms of TEC adsorption onto
ZnO.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (2), 2026, 399

analysis showed that the surface of ZnO exhibits
a highly heterogeneous texture with irregular,
rough surface and aggregated particles. XRD
analysis proved the absence of any secondary
phases or impurity peaks, indicating the high
purity of the synthesized zinc oxide adsorbent.
Tetracycline adsorption attained its peak capacity
after 90 minutes of contact time. Highlighting the
significant Effect of pH on adsorption efficiency.
The adsorption mechanism of tetracycline onto
ZnO NPs involves multiple sequential
mechanisms. Also, the adsorption process was
both spontaneous and feasible. Just a 31%
reduction in adsorption efficiency was noted after
five adsorption-desorption cycles. This study
demonstrated that green synthesis of zinc oxide
nanoparticles using tea leaves could be a suitable
method for synthesizing an efficient adsorbent for
sequestrating antibiotics from wastewater.
Moreover, the potential use of this adsorbent in
the area of real wastewater containing organic
and 1inorganic materials and the potential
challenges in scaling -up the synthesis of ZnO NPs
should also be studied.
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