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Abstract:
This process studies the efficiency of the advanced oxidation processes, which were used to decompose
tetracycline hydrochloride in aqueous solutions by CNT/Fe2O3/TiO2/Bentonit. A nanocatalyst was prepared
with high conductivity, broad light absorption, and high surface area, utilizing Photocatalysts again. Several
process variables (irradiation time, contaminant concentration, catalyst dosage, and pH) were studied. X-
ray diffraction analysis. The quality of the high-performance nanocomposite catalyst construction will be
improved if X-ray diffraction (XRD) shows that the catalyst has been transformed into a pure homogeneous
structure. At pH 5, the contaminant was degraded in 120 min with a dose of 15 mg of the nanocomposite. At
a concentration of 0.5 ppm tetracycline hydrochloride, the clearance rate reached 95.1%. The removal rate
decreased with increasing pH, while titanium oxide degraded the tetracycline hydrochloride, bentonite, and
nanocarbon exhibited contaminant adsorption capacity. The regression coefficient (R2) of 0.97 indicated that
the process best conformed to quasi-first-order kinetics.
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1. Introduction

Antibiotics have been widely used in recent years to treat
human diseases, and they are also added to animal feed
to encourage growth and maintain animal health Given
their high biological activity, especially in soil and water,
and the negative environmental effects of these toxic and
long-lasting antibiotics, there is a potential for excessive en-
vironmental pollution resulting from their misuse [1]. The
body excretes 90% of the original dose of antibiotics in-
gested by humans. Because most tetracyclines are poorly
absorbed by humans and animals, these high levels of excre-
tion harm the environment. It is widely used in animal feed
in China, the United States, India, and other countries [2].
Commonly used antibiotics are classified into tetracyclines
(TCs), macrolides, and other groups based on their chemical
structure. Researchers and environmentalists are concerned
about the presence of antibiotics in water and their potential
transfer to drinking water [3]. As a result, when these sub-

stances reach non-target organisms, they cause undesirable
changes, including genotoxicity and gene expression that is
harmful to humans [4].
Doctors have returned to using tetracycline hydrochloride
and other tetracycline antibiotics for many reasons, in-
cluding [5, 6]. Resistance to modern antibiotics such as
cephalosporins and fluoroquinolones has made it necessary
to resort to old antibiotics such as tetracycline, which is
still effective against some resistant strains [7, 8]. In addi-
tion, tetracycline has proven effective against some resistant
strains such as Acinetobacter and some types of Rickettsia
[9, 10]. It is used to treat acne, sexually transmitted diseases
such as chlamydia, typhoid, borreliosis (Lyme disease), and
some types of respiratory tract infections. Some tetracy-
clines have anti-inflammatory properties, making them an
option in non-bacterial conditions, such as granulomatosis
and arthritis [11]. TC is a well-known antibacterial agent
that is widely used in treating [12]. Finally, it is sometimes
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used as a preventive measure in some epidemics caused by
bacteria, especially in areas with limited medical resources
[13]. The return of tetracycline use is not evidence of its
superiority over modern antibiotics, but rather an inevitable
result of the emergence of bacterial resistance and the on-
going search for effective alternatives to treat antibiotic-
resistant infections [14, 15].
According to studies, small amounts of tetracycline are
found in the environment, especially in treated wastewater,
and high levels in hospital and pharmaceutical wastewa-
ter (100− 500 mg/L) [3, 16]. The broad-spectrum antibi-
otic, tetracycline, is commonly found in drinking water (11
ng/L), groundwater (0.4 µg/kg) [3], sediments (126 µg/kg),
mariculture (259.1 ng/L), and landfills (63.8 µg/kg) [17].
The total concentration of tetracycline in inlet water was
0.001616 ppm, while in wastewater it was 195 ng/L [18].
Initial treatments only partially removed these contaminants,
and tens of nanograms/liter of these antibiotics remained
in the wastewater. Advanced oxidation technologies were
used to detoxify the antibiotic-contaminated water [19].
Many researchers have conducted studies on tetracycline
removal, and photocatalytic degradation is one of several
treatment methods [20]. To break down and remove con-
taminants in the liquid, advanced biological coagulation
processes, ultrasound procedures, adsorption, and photoco-
agulation have been investigated [17].
Extensive research has been conducted on titanium dioxide-
based photocatalysis for advanced oxidation due to its low
cost, stability, and high deposit removal efficiency. How-
ever, catalyst aggregation and difficulty in recovering it at
the nanoscale are drawbacks that hinder the photocatalysis
process, which has led some researchers to develop com-
posite nanomaterials [21].
The easily synthesized bentonite complex with nano-
titanium oxide enhances the surface area of the catalyst,
which in turn increases the process efficiency [22, 23]. Car-
bon nanotubes were added as non-metals and metals to
develop TiO2 and overcome its disadvantages [24]. Numer-
ous studies have demonstrated the efficient production of
titanium oxide using carbon nanotubes. The preparation
of metal-supported catalysts relies on multi-walled carbon
nanotubes, which offer broad light absorption, a large sur-
face area, and high conductivity [25].
By capturing and holding titanium dioxide electrons, multi-
walled carbon nanotubes can perform electron recombina-
tion, resulting in electron pair separation [26]. To reduce
titanium dioxide aggregation, the carbon nanotubes act as
a scattering layer. Recently, I used nanotubes to produce
self-packed Fe3O4 nanoparticles [24].
Nano carbon, iron oxide, titanium oxide, and bentonite
are used in the removal of tetracycline from water by ad-
vanced oxidation processes (AOPs) for the most important
reasons of adsorption efficiency and improved photocat-
alytic activity [27, 28]. A bentonite with a high surface area
helps in the adsorption of tetracycline from water, making
it easier to break down later [29, 30]. Graphene enhances
adsorption due to its large surface area and interaction with
organic pollutants [31]. In addition, titanium oxide (TiO2)
is a strong and cheap photocatalyst that absorbs ultravi-

olet light, generating hydroxyl radicals (•OH) that break
down tetracycline into less harmful compounds [32, 33]. It
is characterized by chemical stability and reusability [34].
Addition of iron oxide (Fe3O4): It acts as a co-catalyst to cat-
alyze the Fenton reaction when hydrogen peroxide (H2O2)
is added, which produces strong free radicals to break down
tetracycline. It imparts a magnetic property to the material,
making it easy to recover after treatment, and thus it can be
reused [35, 36]. The combination of adsorption (bentonite
+ nanocarbon), photocatalysis (TiO2), and Fenton reaction
catalysis (Fe3O4) leads to efficient and rapid degradation
of tetracycline without leaving toxic by-products [37, 38].
This combination increases the reaction rate and reduces the
energy requirement compared to using TiO2 alone [39, 40].
This nanocatalyst enables high surface area, enhanced elec-
tron transfer, and synergistic adsorption and decomposition
mechanisms at interfaces, providing new insights into the
design of efficient and reusable nanocatalysts for advanced
oxidation processes [41].
In this context, this study pioneers the synthesis and charac-
terization of a novel multicomponent nanocomposite com-
posed of carbon nanotubes (CNTs), iron oxide (Fe3O4),
titanium dioxide (TiO2), and bentonite clay. By integrating
CNTs, known for their exceptional electrical conductivity
and surface area, with Fe3O4 and TiO2 nanoparticles an-
chored to the layered structure of bentonite, the composite
exhibits a unique structure designed to enhance charge sep-
aration, extend light absorption into the visible region, and
provide abundant active sites for photocatalytic reactions
[42]. This strategic combination not only mitigates the
drawbacks of pure TiO2 but also introduces synergistic in-
teractions between the components, leading to a significant
improvement in the photocatalytic degradation efficiency
of tetracycline hydrochloride. One of the most significant
advances in this work lies in the specially designed inter-
face engineering between the semiconductor phases (TiO2
and Fe3O4) and the conductive carbon nanotube network
supported by the bentonite matrix [43]. The hierarchical
structure promotes efficient charge transport pathways and
reduces recombination losses, amplifying the photocatalytic
activity under visible light irradiation. Furthermore, the
incorporation of natural bentonite provides mechanical sta-
bility, reusability, and environmental friendliness to the
nanocomposite, enabling a scalable pathway for environ-
mental applications [44].
The synergy between TiO2 and Fe3O4 enables efficient light
harvesting and enhanced redox potential. Because TiO2 is
a wide-bandgap semiconductor (∼ 3.2 eV), it is primarily
activated under ultraviolet light; however, the presence of
Fe3O4 (∼ 2.2 eV) extends the light absorption range into
the visible region. Fe3O4 also acts as an electron mediator,
facilitating electron transfer from TiO2 and delaying charge
recombination [42].
The carbon nanotubes (CNTs) in this composite perform
a dual role. First, they act as electron acceptors and con-
ductive pathways, improving electron mobility. Second,
their high surface area supports the adsorption of carbon
nanoparticles, increasing their availability at reactive sites
[45]. Bentonite, as a layered clay material, helps disperse
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the nanoparticles and provides additional adsorption sites,
facilitating the reaction of the contaminant with the catalyst.
Ultimately, the efficient generation of hydroxyl radicals and
superoxide via photoinduced electron–hole pairs, combined
with improved charge separation by Fe3O4 and CNTs, pro-
motes the degradation of the carbon nanotubes. The degra-
dation mechanism involves lower initial adsorption, radical
attack, fragmentation of the carbon nanostructure, and even-
tual mineralization into non-toxic end products [46].
From a surface and interface science perspective, this study
provides new insights into the design and optimization of
multiphase heterojunctions [47]. It also significantly deep-
ens the understanding of how electron transfer is facilitated
across complex hybrid interfaces and how surface proper-
ties, such as porosity, adsorption affinity, and catalytic site
distribution, affect performance. Furthermore, the research
highlights the importance of synergistic coupling effects
and defect engineering in tailoring photocatalyst properties
at the nanoscale. Thus, these results contribute to advancing
this field by demonstrating how intelligently designed mul-
ticomponent composites can embody fundamental surface
science with practical environmental solutions, setting a
new standard for high-performance and sustainable photo-
catalytic systems [48].
Xinni Sun, The lack of an efficient photocatalyst that can
be well integrated with the membrane limits the develop-
ment of photocatalytic membrane reactor (PMR), which is
gaining more and more interest in the purification of water
bodies contaminated with antibiotics [49].
L. Sun, use materials with dual absorption and photocat-
alytic capabilities. This study describes the efficient fab-
rication of a novel S-system heterogeneous photocatalyst,
InVO4/ZnIn2S4, featuring a unique hierarchical structure
that provides multiple readily accessible absorption/photo-
catalytic sites. After 15 minutes, the synergistic tetracycline
removal rate reached 69.31%, and after 45 minutes, 69.31%
[50].
The poor contact between silver/titanium dioxide compos-
ites was a major obstacle to increasing the photodegradation
activity of tetracycline (TC). Therefore, Xia used nitrogen
(Ni) intercalation and nitrogen (Ns) substitution techniques
in this study to produce silver/titanium dioxide composites.
The results showed that after 60 minutes of visible light
exposure, the degradation efficiency of the silver/titanium
dioxide composite increased to 90% [51].
Using a nano-titanium dioxide-coated carbon membrane
through sol-gel technology, an electrocatalytic membrane
was constructed to degrade aqueous tetracycline (TC).
With an initial concentration of 50 ppm tetracycline (pH
3.8−9.6), it could be efficiently removed by the electrocat-
alytic membrane. At a temperature of 25 °C and a residence
time of 4.4 min, the following operating parameters could
lead to 100% tetracycline removal [52].
The study aimed to develop a specially modified catalyst
that enhances the degradation of tetracycline under all con-
ditions while being easy to recover and reuse. The effects
of pH, reaction mechanism, catalyst quantity, tetracycline
concentration, and time were studied.

2. Experimental section

2.1 Catalyst preparation
To ensure complete dispersion of the contaminants in the
solution, the solution was mixed for 120 minutes with the
required amount of synthesized catalyst nanoparticles and
magnetically spun in the dark. The UV light, located at the
center of the reactor, was then turned on. An external water-
cooling system was used around the reactor to maintain the
temperature during the process experiments.
Forty milliliters of ethanol were mixed with one gram of
carbon nanotubes for two hours, and then five grams of
Fe(NO3)3·9H2O were added for an additional two hours. A
beaker containing 400 mg of carbon nanotubes/Fe2O3 was
placed in an ultrasonic bath for 15 minutes after stirring
and cleaning. A mixture of slightly dilute hydrochloric acid
and 40 milliliters of ethanol was then added. The mixture
was then mixed with a titanium dioxide/bentonite mixture
and shaken to form a gel structure. The mixture was cooled
for two hours. Subsequently, the mixture was dried in an
oven at 70 °C. After washing with water several times, the
mixture was cooled and separated by centrifugation. After
granulation, the samples were dried in an oven [22].
Under irradiation with photons of energy equal to or greater
than the band gaps of TiO2 (∼ 3.2 eV) and Fe2O3 (∼ 2.2
eV), both semiconductors become photoactive:

TiO2 +hν → e−CB,TiO2
+h+VB,TiO2

(1)

Fe2O3 +hν → e−CB,Fe2O3
+h+VB,Fe2O3

(2)

[53]
Electrons move from the basal surface of Fe2O3 to the basal
surface of TiO2. Holes move from the basal surface of TiO2
to the basal surface of Fe2O3. This charge transfer reduces
recombination and maintains high redox potentials at the
respective bands.
The photogenerated electrons are efficiently captured and
transported by the carbon nanotubes. The carbon nanotubes
delay the recombination of electrons and holes and transfer
the electrons to the oxygen adsorbed on the surface.

CNT+ e− → CNT(e−) (3)

Dissociated charge carriers initiate redox reactions on the
surface: reduction of oxygen by electrons (either from tita-
nium dioxide or via carbon nanotubes).

e−+O2 →• O−
2 (4)

[54]
Oxidation of water or hydroxide by holes:

h++H2O →• OH+H+ (5)

h++OH− →• OH (6)
•OH/•O−

2 +TC → intermediates → CO2+

H2O+NO−
3 +NH+

4
(7)

[55, 56]
To determine the mechanism behind tetracycline hydrochlo-
ride removal, the resulting nanoparticles were analyzed
using BET, SEM, TEM, XRD, FT-IR, and Raman analysis.
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2.2 Chemicals
We purchased tetracycline hydrochloride TC
(C22H24O8N2·HCl) with a purity greater than 95%
from Sigma-Aldrich (Germany), (Merck 99.7%), titanium
dioxide, Fe(NO3)3·9H2O (Sigma-Aldrich 98%), and
bentonite (Sigma-Aldrich). For each step of the process,
solutions were prepared with distilled water. All experi-
ments were conducted in a laboratory-scale batch system at
a constant temperature of 20 °C, using a Pyrex glass tube
with an outer radius of 70 mm, an inner radius of 5 mm, and
a length of 400 mm. The cylindrical photoreactor contained
a low-pressure mercury UV lamp (TL 8 W BLB, Philips,
Poland) with an output power of 8 W and a wavelength of
365 °F. Above it was a heating element (Model: HTS-1003,
China).

2.3 Batch experiments
Batch experiments using CNT/Fe2O3/TiO2/Bentonit
nanocomposite. The solution was mixed using a magnetic
stirrer, and the batch procedure was checked in a beaker.
Photocatalytic tests were performed in a 500 mL AOP
beaker. In the middle of the reactor was a UV. Nanocom-
posite CNT/Fe2O3/TiO2/Bentonit, ranging from 0.5 mg/L
to 15 mg/L, was used at room temperature. The irradiation
time ranged from 120 min, and the pH ranged from 3 to 11.
After adjusting the pH and adding catalytic nanoparticles,
100 mL of the contaminated solution was placed in the
beaker. The pH of the solution was adjusted using a (WTW
InoLab Cond 720) pH meter. To ensure uniform mixing
of the mixture, the magnetic stirrer and UV lamp were
operated at 250 rpm at the beginning of the experiment.
After the experiment was completed, the material was
carefully collected and evaluated using a UV spectrometer
at 357 nm.

3. Results and discussion

3.1 Characterization studies
Using a scanning electron microscope (Hitachi, Japan
model S-4160), microscopic images of the sample after
dispersion of carbon nanotubes are shown in Fig. 1 (a), and

it is clear that the particles are evenly distributed. With
an average particle size of 25− 55 nm, the transmission
electron microscope (TEM) showed that these nanoparti-
cles are evenly distributed and visible within the carbon
nanotube framework in Fig. 1 (b). Like carbon nanotubes,
the CNT/Fe2O3/TiO2/Bentonite composite photocatalyst is
tubular. Due to the bentonite effect, pure carbon nanotubes
tend to bend and aggregate with TiO2, but the image shows
that after mixing, there is a tubular distribution and no ag-
gregation. The BET surface area of the nanocatalyst was
determined to be 121 m2/g.
Fig. 2 (a) shows the Fourier transform infrared (FT-IR) spec-
tra of the as-prepared carbon nanotube (CNT)/iron oxide
(Fe2O3)/titanium dioxide (TiO2)/bentonite catalyst (Perkin-
Elmer, USA). TiO2 can be associated with the band at 600
cm−1. This band corresponds to iron oxide (Fe2O3) at 1200
cm−1 and bentonite at 1000 cm−1. Due to the oxidation of
some carbon atoms on the nanocarbon surface, the carboxyl
groups exhibit a hydroxyl band peak at 3800 cm−1, while
the free hydroxyl groups are located at 2900 cm−1. This
catalyst has FT-IR spectra that are very similar to those of
nanocomposites previously published in scientific literature
[57].
Raman Spectroscopy (type SENTERRA, Germany). The
Raman spectrum exhibits several distinct peaks. This peak
represents the vibration modes of the bentonite clay ma-
trix at 500 cm−1, typically associated with Si-O and Al-O
bending vibrations. The peak at 700 cm−1 is attributed to
Ti-O-Ti stretching modes in the anatase phase (TiO2), indi-
cating the presence of titanium dioxide nanoparticles. The
peaks associated with Fe-O3 vibrations within the Fe2O3
structure are found at 1000 cm−1, confirming the presence
of iron oxide. The peak at 1350 cm−1 (D band) represents
the disorder-induced vibration mode in the carbon struc-
ture, which is common in multi-walled carbon nanotubes
(MWCNTs). The peak at 1580 cm−1 (G band) is associ-
ated with the E2g phonon of sp2-bonded carbon atoms in
graphitic materials, indicating the high crystallinity of the
carbon nanotubes. The high density of the D and G bands
confirms the successful integration of the carbon nanotubes

Figure 1. (a) SEM; (b) TEM image of CNT/Fe2O3/TiO2/Bentonite nanocomposite catalyst.
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Figure 2. (a) FT-IR spectra of CNT/Fe2O3/TiO2/Bentonite; (b) Raman
spectrum of the CNT/Fe2O3/TiO2/Bentonite nanocomposite.

within the composite, providing a conductive network that
enhances electron transfer during photocatalytic reactions
or AOP reactions, Fig. 2 (b).
Carbon nanotubes act as conductors and electron adsorbents
for organic molecules due to their high surface area [58].
Meanwhile, the TiO2 nanoparticles act as photoactive cen-
ters that generate reactive oxygen species when exposed to
UV/visible light [59]. The Fe2O3 particles participate in
Fenton-like reactions, producing hydroxyl radicals (•OH)
under light, promoting the oxidative degradation of organic
materials [60]. Bentonite clay provides mechanical stability,
a high surface area, and a dispersion matrix that prevents
nanoparticle aggregation, which is a key reason for its addi-
tion as a catalyst [61].
As a result, these synergistic effects significantly improve
the material’s photocatalytic and oxidative performance
against the degradation of tetracycline. Raman analysis
clearly demonstrates the successful fabrication of a com-
posite material composed of carbon nanotubes, titanium
dioxide, iron oxide, and bentonite. The presence of distinct
peaks confirms the integrity of the material’s structure and
its potential for environmental remediation applications. X-
ray diffraction (XRD) data show the absence of impurity
phases (such as FeTiO3 and Fe3C), confirming phase stabil-
ity. Peak intensity ratios indicate Fe2O3 > TiO2 > carbon
nanotube concentration. The distribution is homogeneous,
as evidenced by regular peak broadening and the absence
of discrete phase peaks.
The hybrid structure promotes the generation of reactive
species and facilitates efficient electron transfer, making
it an excellent candidate for advanced oxidation processes
(AOPs) aimed at degrading antibiotics such as tetracycline

in water treatment applications. This approach offers a
promising, sustainable, and effective strategy for mitigating
pharmaceutical contamination [62].
The diffraction pattern for the nanocomposite is shown in
Fig. 3 by model (PAN alytical X’Pert pro MPD, Nether-
lands). A sharp (002) peak for carbon nanotubes at 26.5°
and a weaker (100) dip at 43° confirm the preservation
of the graphitic system. In hematite (Fe2O3), the intense
peaks at 35.5° (311), 51° (400), and 53° (422) correspond
to the rhombic phase, indicating a well-crystalline oxide. In
TiO2, the reflections at 25.3° (101), 38.6° (004), 48.0° (200),
and 75.0° (215) are unambiguously attributed to tetrago-
nal anatase, without any detectable rutile or brookite in-
clusions. In bentonite (montmorillonite), the basal (001)
is present at ≈ 15° but is markedly attenuated, indicating
partial detachment or overlap. No outlier peaks (such as
FeTiO3 and Fe3C) were observed, confirming the phase pu-
rity and successful complex formation without byproducts.
This structural evolution enhances the dispersion of oxide
nanocrystals and prevents clay re-stacking, thus maximizing
the active surface area [63, 64].
The Debye-Scherrer equation (8) was also used to calculate
the average sample crystal diameters (D) from the primary
diffraction peaks.

D =
0.94λ

β cosθ
(8)

where θ is the Bragg angle of the principal planes, β is the
full width at half maximum (FWHM) of the diffraction peak
in radians, and λ is the wavelength of the Cu Kα radiation.
Williamson and Hall state that strain depends on the value
of tanθ from the peak width and that crystal volume varies
with a ratio of 1/cosθ . Therefore, the following equation
can be used to distinguish between the volume and strain
contributions:

βhkl cosθ =
kλ

D
+4ε sinθ (9)

where βhkl is peak full width maximum corrected, ε is lat-
tice strain.

Figure 3. XRD pattern of CNT/Fe2O3/TiO2/Bentonite nanocomposite.
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According to the Debye-Scherrer equation, the typical crys-
tal size is about 23 − 32 nm, and the Williamson–Hall
method is 34.4 nm, and the microstrain ε find is 7.1×10−4

[65].
BET analysis of the surface area showed a relatively high
value of 121 m2/g. This high surface area is consistent with
the small crystal and particle sizes observed using X-ray
diffraction (XRD) and transmission electron microscopy
(TEM) and calculated from the Scherrer and Williamson-
Hall model, and indicates a porous structure with a large
external surface area available for adsorption or catalytic re-
actions with crystals a regular lattice structure. This surface
area improves the photocatalytic and adsorption properties
and plays an effective role in the removal of tetracycline.

3.2 Degradation process
In a 500-mL flask at 20 °C, batch samples were shaken with
a shaker set at 250 rpm. Their effects on the decomposition
reactions were studied using the following parameters: pH
(3, 5, 7, 9, and 11), catalyst dosage (0.5, 5, 10, and 15
mg/L), and tetracycline concentration range (0.5, 5, 10, and
30 mg/L). The UV source was placed inside the reactor, and
a tube surrounding the flask filled with cold water was used
to cool the solution.

Degradation Efficiency =
C0 −C

C0
×100% (10)

where: C0, C = The concentrations of TC before and after
degradation process.

3.2.1 Time of degradation
Under a variety of conditions, the effect of the time taken
by UV radiation to degrade organic pollutants in a TC stock
solution (120 min) was examined. The relationship between
irradiation duration and TC removal by photocatalysis was
examined using batch experiments. With 120 min being the
maximum irradiation exposure duration and 80 min being
the optimal irradiation exposure duration, Fig. 4 (a) shows
that the percentage of TC removed increased by 95.1% with
increasing irradiation time. Since photoremediation typ-
ically uses very little electricity (about 50% of the total
operating cost), organic molecules are not degraded and
maintain their chemical structures if the pretreatment period
is short [22].
This improvement in degradation efficiency with longer
irradiation time can be attributed to the increased genera-
tion of reactive oxygen species (ROS), such as hydroxyl
radicals (•OH) and superoxygen anions (O•−

2 ), which ac-
tively participate in the degradation of complex organic
molecules. During the initial stages of irradiation, the avail-
ability of active sites and photogenerated charge carriers is
high, facilitating efficient interaction with TC molecules.
As the reaction progresses, the TC concentration decreases,
and the degradation rate gradually stabilizes due to the re-
duced availability of target molecules and the potential for
electron-hole recombination [66].
It is worth noting that despite the low energy consumption
associated with UV photocuring which accounts for approx-
imately 50% of the total operational cost the efficiency of
the process is significantly affected by the irradiation du-

ration. Insufficient irradiation time can lead to incomplete
degradation, as organic molecules retain their structural in-
tegrity without sufficient exposure to oxidizing species [67].
Therefore, optimizing radiation time is essential to achieve
a balance between energy efficiency and effective pollu-
tant removal, especially in large-scale wastewater treatment
applications.

3.2.2 Effect of concentration
The effect of the initial tetracycline (TC) concentration on
photodegradation efficiency was systematically evaluated
under constant conditions: A reaction time of 120 min, pH
5, and a composite nanodosage of 15 mg/L, as shown in
Fig. 4 (b). The results showed that the degradation efficiency
peaked at 95.1% at the lowest tetracycline concentration
(0.5 mg/L). However, as the concentration increased to 5, 10,
and 30 mg/L, the efficiency gradually decreased to 91.8%,
83.3%, and 52%, respectively. This trend is commonly ob-
served in photocatalytic systems and can be attributed to
two main factors. Firstly, competition between tetracycline
molecules for limited active sites on the photocatalyst sur-
face, and secondly increased light absorption and scattering
by the more concentrated tetracycline solution, leading to a
decrease in the availability of photons for photoactivation
[68].
Furthermore, while the degradation kinetics were evalu-
ated over a standardized timeframe of 80 minutes, it was
observed that at the highest concentration (30 mg/L), the
degradation rate plateaued after 100 minutes. This plateau
indicates the accumulation of intermediate degradation prod-
ucts, which may have adsorbed to the catalyst surface, deac-
tivating the active sites and further inhibiting light absorp-
tion. Furthermore, the absorption of UV by TC molecules
at higher concentrations significantly contributes to the re-
duced photocatalytic efficiency, as supported by previous
studies and illustrated in figure 4 (b). Overall, these results
emphasize the critical role of contaminant concentration
in determining the efficiency of photocatalytic processes.
Maintaining low contaminant levels is essential to maximize
ROS production and ensure optimal photocatalytic activity
[69].

3.2.3 Effect of CNT/Fe2O3/TiO2/Bentonite Dosage
The amount of active sites within the element and the con-
centration of organic pollutants in the solution should inter-
act to determine the photocatalytic dosage; thus, the more
active sites, the better the catalyst performance. The effects
of various CNT/Fe2O3/TiO2/Bentonite dosages on the pho-
todegradation of TC stock solution (0.5− 30 mg/L) were
investigated (pH = 5, conc. of TC = 0.5 mg/L). The ef-
ficiency results are shown in Fig. 4 (c). To increase the
TC removal efficiency, composite dosages ranging from 0.5
to 5 mg/L were used; the TC removal was 35% and 50%
when the irradiation duration was 120 min. The TC removal
efficiency increased to 77% and 95.1% when the dosage
was raised to 10 mg/L and 15 mg/L, respectively.
The photocatalytic performance of composite materials is
significantly influenced by the availability of active surface
sites, which facilitate the generation of reactive oxygen
species required for the degradation of organic pollutants
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[70]. Therefore, optimizing the photocatalyst dosage is es-
sential to ensure efficient interaction between the catalyst
and the target pollutants, such as tetracycline (TC), espe-
cially at varying concentrations. These results indicate that
increasing the catalyst dosage provides more adsorption
sites and active centers, promoting higher rates of hydroxyl
radical and superoxide generation. However, excessive
dosages, beyond a certain threshold, may lead to light scat-
tering and reduced light transmission, potentially reducing
photocatalytic efficiency, a phenomenon that warrants fur-
ther research.

3.2.4 Effect oF pH

The pH level of the solution may be a key component of
the photoactivity because it affects the surface charge of
the photocatalyst and the production of hydroxyl radicals
between hydroxyl ions and positive holes on the surface of
the nanocomposite. At about pH 5, the resulting nanocom-
posite had a zero-point charge; this significantly affects the
subsequent removal of TC, Fig. 4 (d). The optimum hydrol-
ysis value was at pH 5 due to the continuous increase in the
generated hydroxyl radicals [71].
In order to achieve the highest TC removal efficiency, the
effect of pH at different values on the TC removal efficiency
in photocatalytic processes using a nanocomposite (dosage
= 15 mg/L; irradiation time = 120 min, and conc of TC =
0.5 mg/L) with variable pH was investigated. The highest
TC removal efficiencies were 95.1% when the pH was at
5, and gradually decreased to the lowest removal efficien-
cies of (93.1, 94.2, 60 and 22.2%) when the pH was at 3,
7, 9, and 11. This is illustrated in Fig. 4 (d). As a result,

decreasing the pH increases the active area of the catalyst.
For a wide range of pH values, the surface charge of the
catalyst may be affected, and the removal efficiency may be
affected by the adsorbent molecules contacting the adsor-
bent surface.
Titanium oxide (TiO2) acts as a photocatalyst when ex-
posed to ultraviolet (UV) light. Electrons (e−) and positive
holes (h+) are generated when light energy is absorbed
by TiO2. Redox reactions occur when positive holes (h+)
on the surface of TiO2 oxidize water (H2O) or hydroxyl
(OH−) molecules to form hydroxyl radicals (•OH), which
are strong oxidizing agents capable of breaking down or-
ganic compounds such as tetracycline. The electrons (e−)
may reduce molecular oxygen (O2) present in the solution
to form superoxide radicals (•O−

2 ) [72].
The role of iron oxide (Fe2O3) It helps to promote the pro-
duction of oxidative radicals (•OH) and acts as an additional
catalyst to facilitate electron transfer and improve the effi-
ciency of breaking down [73]. Bentonite acts as a catalyst
support and improves the surface distribution of the cata-
lyst [74], while nanocarbon enhances the initial adsorption
of tetracycline molecules from the solution onto its sur-
face, increasing the reaction efficiency and reducing the
recombination of electrons and positive holes. Crack Reac-
tion Oxidative radicals (•OH and •O−

2 ) attack the chemical
bonds of tetracycline molecules (such as C=C and C-N
bonds). Tetracycline is broken down into intermediates
such as short-chain organic acids, which are subsequently
oxidized to carbon dioxide (CO2) and water (H2O) [75, 76].

Figure 4. (a) At pH 5, the nanocomposite dosage is 15 mg/L, and the photolysis rate is affected by tetracycline hydrochloride concentrations (0.5, 5, 10
and 30 mg/L) over time (min). (b) At pH 5, 15 mg/L nanocomposite dosage is used to influence the TC concentrations (0.5, 5, 10 and 15 mg/L) for

photolysis. (c) The effect of nanocomposite dosage on the degradation rate at pH 5, 0.5 mg/L tetracycline hydrochloride concentration, and degradation
time (120 min). (d) The effect of pH on the photolysis rate over time (min), 15 mg/L nanocomposite dosage, and 0.5 mg/L tetracycline hydrochloride

concentration.
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3.3 Kinetic study
The photolysis of TC was studied kinetically using quasi-
first-order and quasi-second-order models. Equation (11)
represents the kinetic model (quasi-first-order) in its linear
form.

ln(
C0

C
) = k1× t (11)

where C0 is the initial TC concentration (mg/L), C0 is the
observed rate constant (1/min), and C0 is the TC concentra-
tion at time t (mg/L) and time (min).
Plotting ln(C0/C) over time produces a straight line with
slope k1. Equation (12) also represents the linear version of
the kinetic (quasi-second-order) model.

1
C
− 1

C0
= k2× t (12)

By plotting (1/C)−(1/C0) against time, a straight line with
a slope of k2 is obtained.
The regression coefficient (R2) of 0.97 for TC concentra-
tions of 0.5 mg/L, Fig. 5 (a) perfectly matches the pho-
todegradation of TC using the CNT/Fe2O3/TiO2/Bentonite
catalyst with quasi-first-order kinetics under all conditions,
according to the results reported in (solution pH = 5, dosage
= 15 mg/L, TC = 0.5 mg/L, irradiation time = 120 min).
This result is consistent with the Kapp coefficient for pho-
todegradation determined in one study. However, the regres-
sion coefficient (R2) for the same condition, of 0.8, showed
that quasi-second-order kinetics was less favorable in all
cases, Fig. 5 (b) [54].
The kinetic data fit well with the pseudo-first-order model,
yielding a high regression coefficient (R2 = 0.9716), indi-
cating that the degradation rate is directly proportional to
the concentration of the TC molecule. This high degree
of correlation suggests that the reaction likely follows a
surface adsorption-degradation controlled process, where
the availability of active sites on the photocatalyst plays a
key role in determining the reaction rate. In contrast, the
pseudo-second-order model was evaluated under similar
conditions. Despite holding the pH, irradiation time, and
initial TC concentration constant, the model yielded a lower
regression coefficient (R2 = 0.8041), indicating a poor fit.
This suggests that the reaction mechanism under this dosage

condition, i.e., the photocatalyst concentration, limits the
availability of reactive sites required for such reactions.
The significant difference in regression coefficients between
the two models (∆R2 = 0.1675) confirms the importance of
catalyst dosage in influencing the degradation kinetics. At
higher dosages, the photocatalyst provides a greater active
surface area, enhancing the likelihood of TC adsorption
and subsequent photoreaction, favoring the quasi-first-order
kinetic pathway [77]. Conversely, at lower dosages, the
limited active sites may hinder the adsorption efficiency
and photocatalytic reactions, leading to deviations from the
ideal quasi-second-order behavior.
Therefore, it can be concluded that the photodegradation
of TC in this study is better described using the quasi-first-
order kinetic model, especially under optimized catalyst
dosage conditions. This observation is consistent with
the behavior typically reported for heterogeneous photocat-
alytic systems, where the reaction rate is typically controlled
by the initial contaminant concentration and the availability
of photocatalytic sites [78].

3.4 Utilizing photocatalysts again

The stability and recyclability of a photocatalyst are crucial
to both its photocatalytic properties and potential applica-
tions. To evaluate photocatalyst stability, recycled photo-
catalysts were photodegraded under the same conditions.
Before further use, the photocatalyst was collected after the
photocatalytic reaction, washed with ethanol and distilled
water, and dried in an oven set at 120 °C. As shown in Fig. 6,
the recovered photocatalyst retained its high photocatalytic
activity after five recycling cycles, with the tetracycline
degradation efficiency decreasing to 70%. The decline in
photocatalytic activity of the nanocatalyst was due to two
reasons: either the pores of the composite photocatalyst
were clogged or the photocatalyst was lost during the recy-
cling process. The TC degradation efficiency on the carbon
nanotube/Fe2O3/TiO2/bentonite composites decreased from
95.1% to 70% after five recycling cycles. The main reason
is the increased loss of CNT/Fe2O3/TiO2/Bentonite photo-
catalysts during the process (because TC and intermediates
were not completely decomposed during each previous cy-
cle, some active sites were blocked or inactivated).

Figure 5. (a) Photodegradation of TC using a compound dosage = 15 mg/L, pH = 5, irradiation time = 120 min, and tetracycline hydrochloride (TC)
concentration = 0.5 mg/L, with R2 = 0.9716, according to a pseudo first-order kinetic analysis. (b) Using a compound nanodosage = 15 mg/L, pH = 5,
irradiation time = 120 min, and tetracycline hydrochloride (TC) concentration = 0.5 mg/L, with R2 = 0.8041, a pseudo second-order kinetic analysis is

used for the photodegradation of TC.
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Figure 6. Effect of number of cycles on TC removal.

4. Conclusion
In batch processes, heterogeneous catalysts such as carbon
nanotubes (CNTs)/iron oxide (Fe2O3)/titanium dioxide
(TiO2)/bentonite are used. Organic contaminants such
as tetracycline hydrochloride (TC) were removed using
a nanocomposite oxidizer and ultraviolet (UV) radiation.
The tetracycline content was analyzed in a glass reactor
under UV radiation. Titanium dioxide nanoparticles are
reliable and stable semiconductors and highly effective
oxidizing agents for the removal of organic contaminants.
They are supported by non-metallic materials, such as
multi-walled carbon nanotubes (MWCNTs), which have
the ability to conduct electron recombination by stabilizing
and trapping the electrons of TiO, resulting in electron
pair separation. Iron oxide (FeO3) acts as an additional
catalyst to enhance electron transfer and cracking efficiency,
while promoting the formation of oxidizing radicals (•OH).
Bentonite enhances the catalyst surface dispersion and acts
as a support. The optimum operating conditions for the
batch treatment system were pH 5 and a catalyst weight
of 15 mg/L of nanocomposite. As a result, the tetracycline
hydrochloride content was removed with an efficiency of
95.1% at a concentration of 0.5 ppm. In the batch treatment
system, the effects of irradiation time, TC concentration,
nanocomposite dosage, pH, and process kinetics were
studied.
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