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ABSTRACT

Tetracycline contamination adversely affects aquatic ecosystems and increases the likelihood of antibiotic-resistant
bacterium development, posing substantial risks to both environmental and human health. Consequently, there is
a pressing need for efficient technologies to break down and eliminate tetracycline from water sources. This study
aimed to synthesis a Fe,O,/Chi-PVA@NiO composite for photocatalytic degradation of tetracycline. Crosslinked
chitosan (Chi) and polyvinyl alcohol (PVA) were applied to enhance the mechanical strength and increasing the
physical and chemical stability of composites. XRD, UV-DRS, SEM-EDS, VSM, and FTIR were employed for
characterization. The composite material exhibits magnetic characteristic, evidenced by a saturation magnetization
of 67.13 emu/g and a band gap measuring 1.86 eV. The magnetic characteristics enhance the separation efficiency
of the composite following the photocatalytic process with an external magnet and low band gap values, which
enable degradation to occur under visible light radiation. The maximum degradation efficiency was attained at a
pH of 5, a tetracycline concentration of 20 mg/L, a composite dosage of 0.5 g/L, and an irradiation time of 100
min with a degradation efficiency of 98.20%. The rate of degradation kinetics approximates a pseudo-first-order
model in which the value of the degradation constant decreases as the concentration of tetracycline increases. The
catalyst exhibited outstanding stability and reusability, achieving a high degradation efficiency of 94.10% over five
consecutive cycles. The FTIR analysis revealed no notable alterations in the functional groups of the composite
both prior and following the photocatalytic degradation process. This research offers an efficient and eco-friendly
approach for removing tetracycline contaminants from the environment.
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INTRODUCTION

Tetracycline belongs to a class of wide-spec-
trum antibiotics characterized by a phenanthrene
parent nucleus and is commonly used in both hu-
man healthcare and animal husbandry [Zhao et al.,
2019; Sharma et al., 2022]. Approximately 75% of
the absolute quantity of tetracycline consumed by
the body is eliminated through feces and urine in
the form of its original molecular structure [Li et al.,
2020]. Tetracycline exhibits hydrophilicity, biologi-
cal activity, high stability, a slow degradation rate,
and is extremely hazardous to aquatic creatures that
are not its intended target [Liu et al., 2019; Cycon et
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al., 2019]. The accumulation of antibiotic residues
in water sources fosters antibiotic resistance genes,
resulting in bacteria that are immune to antibiot-
ics in aquatic ecosystems [Wei et al., 2023; Wang
et al., 2020]. The deposition of antibiotics via the
food chain in the environment can present a sig-
nificant hazard to humans and ecosystems, leading
to an ecological imbalance [Sharma et al., 2022].
Hence, it is crucial to eliminate tetracycline from
wastewater, employing a pragmatic, cost-effective
approach that avoids the generation of secondary
contaminants. Diverse methodologies have been
utilized to eradicate tetracycline from wastewa-
ter, including coagulation-flotation [Saitoh et al.,
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2017], osmosis membrane [Guo et al., 2020], ozo-
nation [Wang et al., 2020], biodegradation [Yan et
al., 2022], adsorption [Ersan and Dogan, 2023], and
photocatalytic degradation [Harikumar et al., 2024].
advanced oxidation processes (AOPs), particularly
photocatalytic oxidation techniques, represent effec-
tive approaches for the elimination of tetracycline
from wastewater. This approach demonstrates ef-
ficacy in eliminating antibiotics, consume minimal
energy, and is environmentally sustainable [Chen
et al., 2020; Huang et al., 2023]. Nonetheless, tra-
ditional photocatalysts encounter challenges, such
as broadband gaps and elevated electron recombi-
nation rates, which considerably hinder degradation
efficiency [Long et al., 2020]. NiO is categorized as
a p-type semiconductor with promising applications
as a photocatalyst. NiO exhibits chemical and ther-
mal stability, outstanding conductance properties,
and is non-toxic [Fatimah et al., 2024]. NiO exhib-
its a significant band gap ranging from 3.0 to 4.0
eV, which restricts its absorption to ultraviolet light,
accounting for merely about 3% of solar energy.
Additionally, NiO tends to experience rapid recom-
bination, meaning that electrons and holes do not re-
main separated long enough to perform the desired
reactions on the catalyst surface, resulting in lower
degradation efficiency [Han et al., 2024; Hariani et
al., 2023]. Therefore, improving photocatalysts to
increase their efficiency is a significant area of re-
search. Various modifications of NiO have been
reported, including NiO/Fe,O, [Han et al., 2024],
NiFe,0,@NiO [Tripta and Rana, 2024], and NiO/
ZnO/g-C\N, [Jayaprakash et al., 2024]. Modify-
ing ferrite compounds can decrease the band gap
and improve photocatalytic efficiency. Fe O, is a
ferrite compound with unique properties, includ-
ing superparamagnetism, biodegradability, and
low toxicity. Furthermore, Fe,O, exhibits a mod-
est band gap of 1.2 eV, is straightforward to syn-
thesize, and its magnetic characteristics can aid in
separating catalysts following the photocatalytic
degradation process [Cui et al., 2022].

A plethora of studies have focused on the uti-
lization of organic materials to augment the effi-
ciency of photocatalytic degradation by enhancing
catalyst stability, reducing aggregation and dis-
solving effects, therefore facilitating the immobili-
zation of the catalyst on a template. Chitosan (Chi)
is a biopolymer obtained through the deacetylation
of chitin. It exhibits excellent biocompatibility,
biodegradability, non-toxicity, and antimicrobial
properties [Adeli et al., 2019; Sanchez-Machoda
et al., 2024]. However, chitosan exhibits limited

mechanical properties and a tendency to dissolve
readily in acidic environments [Luk et al., 2014].
Polyvinyl alcohol (PVA) is a hydrophilic poly-
mer, exhibiting low toxicity and good mechanical
strength [Kamoun et al., 2017; Mohamadkhani
et al., 2024]. PVA serves as a crosslinker that im-
proves the stability of chitosan through the gen-
eration of hydrogen bonds with the amino groups
present in chitosan molecules [Habiba et al., 2019;
Sopanrao and Sreedhar, 2024].

This study focuses on the synthesis of FesO4/
Chi-PVA@NIiO composites, which will be used in
tetracycline photocatalysis. FesOs acts as the core,
while chitosan-PVA forms the shell, with NiO
dispersed throughout the chitosan-PVA matrix
through cross-linking. By doped NiO with FesOa
and chitosan-PVA, the photocatalytic ability can
be increased, so that the degradation process be-
comes more efficient. The magnetic properties of
the catalyst make it easier to separate the catalyst
from the waste using a magnet. Additionally, the
study explores the photocatalytic degradation ki-
netic and the reusability of the catalyst. This re-
search aims to deliver an efficient, sustainable
solution for the breakdown of tetracycline and
analogous organic contaminants, thereby advanc-
ing eco-friendly solutions for water treatment.

MATERIALS AND METHODS

Materials

The utilized chemicals comprise FeCl,-4H,0,
FeCl,-6H,0,NaOH, HCI, polyvinyl alcohol (PVA),
CH,COOH, NiCl,, NaCl, and tetracycline sourced
from Merck, Germany. Chitosan is sourced from
Natura Chem Abadi in Indonesia, exhibiting a De-
gree of Deacetylation greater than 99.5%.

Synthesis of Fe,O,

The synthesis of Fes;Oas followed the pro-
cedure of Hariani et al. [2023]. 1.988 g of
FeCl,-4H,0 and 5.406 g of FeCl,-6H,O were
added to 10 mL of distilled water at room tem-
perature, maintaining a molar ratio of 2:1. A 2
M NaOH solution was incrementally introduced
to the mixture while being stirred gently with a
magnetic stirrer at 250 rpm, under a flow of N,
gas at 40 °C. The process is conducted until the
pH attains 10. The black residue was washed nu-
merous times with distilled water to get a neutral
pH, then dried at 70 °C for 3 hours in an oven.
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Synthesis of Fe,O,/Chi-PVA

The synthesis of Fe;0./Chi-PVA followed the
procedure for synthesizing FesOa. The mixture was
incorporated into the chitosan while being stirred
at 150 rpm with a shaker until a homogeneous con-
sistency was achieved, which took approximately
60 min. A 2 M NaOH solution was incrementally
added while the solution was being stirred with a
magnetic stirrer at 250 rpm under a flow of N, gas
at a temperature of 40 °C until the pH reached ap-
proximately 10. During stirring, 80 mL of a 2%
PVA solution was added to the Fe,O,/Chi mixture
and mixed for 60 min using a shaker. The Fe,O,/
Chi-PVA precipitate was then rinsed with distilled
water till achieving a neutral pH, followed by dry-
ing in an oven at 70 °C for 3 hours.

Synthesis of Fe O,/Chi-PVA@NiO

The synthesis of FesO4/Chi-PVA@NiO fol-
lowed the procedure for synthesizing Fe;O4/Chi-
PVA but was followed by the addition of 0.48 g of
NiClz and a modification based on the method by
Vijeth et al. [2020]. The mixture was sonicated for
1 hour to achieve a uniform dispersion. The entire
mixture was subsequently placed into a Teflon-
stainless steel autoclave and subjected to heating
at 190 °C for 7 hours. The suspension was filtered,
rinsed with distilled water and ethanol, and then
dried at 60 °C for 3 hours. The Fe O,/Chi-PVA@
NiO composite was calcined at 400 °C for a dura-
tion of 2 hours.

Material characterization

The synthesized material was characterized
using X-ray diffraction (XRD PANalytical) with
incident radiation of Cu Ka (A = 1.5405) and
a range of 20 = 10-90° to ascertain the crystal
phase and the purity of the photocatalyst. The
morphology was examined utilizing a Scanning
Electron Microscope integrated with an energy
dispersive spectrometer (SEM-EDS Thermo
Fisher Scientific). The band gap was determined
using UV-visible diffuse reflectance spectros-
copy (UV Vis DRS Cary 60). The magnetic
properties of the composite photocatalyst were
assessed utilizing a vibrating sample magnetom-
eter (VSM Oxford Type 1.2 T). The functional
groups of the composite were analyzed using a
Fourier transform infrared spectrometer (FT-IR
Nicolet iS5 Thermo Scientific) with KBr pellets
with range of 400—-4000 cm'.
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pHpzc of Fe,0,/Chi-PVA@NiO

The pHpzc was established by utilizing 100
mL of a 0.01 N NaCl solution, with the pH modi-
fied through the incorporation of 0.1 N HCI and
NaOH to achieve a pH range of 2—12. Addition-
ally, 0.1 g of the Fe,O,/Chi-PVA@NiO compos-
ite was incorporated into each flask. The solution
stirred for 24 h at a rotational speed of 300 rpm.
The pHpzc was determined from the ApH versus
pHi plot when the initial pH minus final pH equals
0 [Golrizkhatami et al., 2023; Islam et al., 2024].

Experimental investigation of photocatalytic
breakdown of tetracycline

Photocatalytic degradation was evaluated us-
ing 100 mL of tetracycline solution and a cata-
lyst dose of 0.25 g/L. Photocatalytic variables
include the pH of the tetracycline solution (3-9),
the concentration of the tetracycline solution (20—
80 mg/L) and the dose of the Fe,0,/Chi-PVA@
NiO composite (0.25-1.0 g/L). The sample was
then placed in a reactor with constant stirring
(200 rpm, 25 °C) for 40 min to reach adsorption
equilibrium. After that, irradiation was carried
out with 20-min intervals under constant stirring
for 120 min. The radiation source used was a vis-
ible lamp (xenon lamp 300 W, A = 385-740 nm)
placed 15 cm from the sample. The absorbance of
solution after photocatalysis was measured using
a UV-Vis spectrophotometer.

RESULTS AND DISCUSSION

Characterization of Fe,O,/Chi-PVA@NiO
composite

The analysis of crystallinity and phase struc-
ture of Fe,O,, Fe,0,/Chi-PVA and Fe,O,/Chi-
PVA@NiO composite are presented in Figure 1.
The 20 diffraction observed at angles of 30.26°,
35.49°,43.37°, 53.57°, 57.02°, and 62.89° aligns
with the hkl planes (220), (311), (222), (400),
(422), (511), and (440), which are associated
with the spinel phase of Fe,O, (JCPDS No. 065-
0731). The diffraction peaks of Fe O, modified
with chitosan and PVA remained unchanged. The
amorphous characteristics of chitosan-PVA result
solely in a reduction of intensity (Figure 1b). This
suggests that the structure of Fe,O, remains un-
changed. Peaks observed at 20 = 37.28°, 43.29°,
62.92°, and 75.61° confirm the presence of NiO
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Figure 1. XRD patterns of (a) Fe,O,, (b) Fe,0,/Chi-PVA, and (c¢) Fe O,/Chi-PVA@NiO composites

in Fe,0,/Chi-PVA, corresponding to tetragonal
phases based on the crystal planes (111), (200),
(220), and (311) as per JCPDS No. 04-0835.
Figure 1c shows that the XRD pattern revealed
the existence of two material phases, specifically
Fe 0, and NiO, confirming the proper synthesis
of Fe,0,/Chi-PVA/NiO composites. The peaks
of Fe,0, and NiO exhibit overlapping character-
istics, resulting in broader peaks, with increased
intensity observed at 20 approximately 43° and
62°. The crystallite sizes of Fe,O, and NiO, cal-
culated using the Scherrer formula, are 16.5 nm
and 21.2 nm, respectively. The crystallite size of
Fe,O, obtained in this study is significantly small-
er than other studies employing similar coprecipi-
tation methods, which reported a crystallite size
of 122.66 nm [Said et al., 2022]. In contrast, the
crystallite size of NiO is consistent with the find-
ings of other researchers, measuring around 21
nm [Tripta and Rana, 2023].

The SEM images of Fe,O, exhibit greater
homogeneity than the Fe,O,/Chi-PVA and Fe O,/
Chi-PVA@NiO composites. The findings align
with numerous other studies that describe the
morphological characteristics of Fe,O,, specifi-
cally its spherical shape and tendency to agglom-
erate with varying diameters [Vishwakarma et
al., 2023]. The application of chitosan and PVA
results in larger particle sizes that exhibit vari-
ability in their dimensions. The morphology of
the Fe,O,/Chi-PVA@NiO composite resembles
that of Fe,O,/Chi-PVA, yet it exhibits a larger
particle size and features interstitial space (Fig-
ure 2). The elemental composition from the EDS

analysis of Fe,O,/Chi-PVA@NiO is presented in
Table 1. The detection of C and N elements is
attributed to chitosan, while the presence of Ni
suggests that NiO has been distributed on the
surface of Fe,O,/Chi-PVA.

Figures 3a and 3b present the UV—vis DRS
spectra along with the band gap assessment of
the Fe,O,, Fe,0,/Chi-PVA, and Fe,O,/Chi-PVA@
NiO composites. The absorbance was recorded
within range of 200 to 900 nm. Notable absorp-
tion band for all three was observed in the 300-
400 nm range. However, in Fe,O,, a peak appears
at 620 nm. Kouotou et al. [2018] found that Fe O,
absorption at 650 nm which was within the vis-
ible region. The absorption of NiO typically takes
place in the range of 330-380 nm, associated with
the d-d transition of Ni*" ions within its crystal
structure [Hariani et al., 2023]. This absorption
band is associated with electron transitions from
the valence band to the conduction band, signify-
ing its semiconducting properties. The maximum
absorbance of Fe,O,/Chi-PVA@NiO was record-
ed at 380 nm. The value of the band gap (Eg) was
calculated using the equation below:

(ahv)'=A(hv —E) (1)

The coefficient of optical absorption is rep-
resented by o, while 4v denotes the photon en-
ergy. For the NiO semiconductor material, the
value of n has been established as 2, signifying
an indirect band gap, while A4 represents a con-
stant. The band gap values of Fe,O,, Fe,0,/Chi-

PVA, and Fe,0,/Chi-PVA@NiO composites are
less than 2.0 eV. There i1s an observed increase in
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Figure 2. Morphology as observed with SEM of (a) Fe,0,, (b) Fe,O,/Chi-PVA, (c) Fe,0 /Chi-PVA@NiO
composites, and (d) EDS spectra of Fe,O /Chi-PVA@NiO composites

Table 1. Elemental composition of Fe,O,/Chi-PVA@NiO composite

Element Atomic conc. (%) Weight conc. (%)
Fe 25.21 54.22
O 52.22 31.31
C 14.79 6.42
N 5.57 3.02
Ni 2.21 5.03
35
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Figure 3. (a) UV-DRS absorbance spectra and (b) Tauc’s plot of Fe O,, Fe,O,/Chi-PVA
and Fe,0,/Chi-PVA@NiO composites
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the band gap value of Fe,O

374

with values of 1.62,
1.78, and 1.86 eV for Fe,O,, Fe,O,/Chi-PVA,
and Fe,0,/Chi-PVA@NIO, respectively. The
observed increase is attributed to the incorpora-
tion of NiO, which possesses a band gap value
of approximately 3.5 eV. The magnetic proper-
ties of Fe,O, and each composite were analyzed
by applying an external magnetic field (=15 kOe
and +15 kOe) presented in Figure 4. The graph
of magnetization vs applied magnetic field prop-
erly demonstrates the ferromagnetic character-
istics. The saturation magnetization (M ) value
of Fe,O, is measured at 81.06 emu/g, while the
incorporation of chitosan-PVA, a non-magnetic
substance, results in a decreased to value of 70.59
emu/g. The composite of Fe,O,/Chi-PVA@NiO
exhibits a M_ value of 67.13 emu/g. The mag-
netic properties observed in this study surpass
those reported in previous research, specifically
showing Fe O, at 55.3 emu/g, which decreases
to 30.4 emu/g when formed into a Fe ,O,/TiO,
composite [Tumbelaka et al., 2022].

PHOTOCATALYTIC STUDIES

Effect of pH, initial concentration of
tetracycline, and catalyst dosage

Photocatalytic degradation activity of the
synthesized composite was evaluated against
tetracycline. The experiment was conducted
without light for 40 min, followed by the proce-
dure with visible light. The ratio of tetracycline

concentration at each time (C) after photocata-
lytic degradation and the initial concentration of
tetracycline (C)) was determined. The pHpzc of
the Fe,O,/Chi-PVA@NiO composite was deter-
mined to be 6.4 (Figure 5a). pHpzc denotes the
pH level at which a material’s surface exhibits a
neutral charge. The data presented in Figure 5b
indicates that the optimum pH for photocatalytic
activity is at pH 5. Tetracycline exhibits three
pKa values: 3.3, 7.7, and 9.7 [Marzbali et al.,
2016]. The protonation or deprotonation reveals
four distinct ionic species at varying pH levels:
cationic (TC"), zwitterionic (TC*), anionic (TC"),
and dianion (TC?*) [Zhao et al., 2020; Qin et al.,
2022]. At a highly acidic pH (pH <3.3), tetracy-
cline carries a positive charge, and the surface
of the Fe,0,/Chi-PVA@NiO composite is simi-
larly positively charged, leading to electrostatic
repulsion. As pH rises, the tetracycline charge
shifts to negative, enhancing the attraction due
to the positively charged composite surface (<
pHpzc). Comparable findings were observed in
the degradation of tetracycline utilizing Cr,0,/
ZrO, nanocomposite [Wei et al., 2023]. Under
basic conditions, repulsion occurs between the
anionic tetracycline and the negatively charged
composite surface, reducing the degraded tetra-
cycline. A different investigation revealed that
at a pH of 10, the UV absorption characteristics
of tetracycline underwent a shift. The observed
phenomenon could be attributed to the elevated
levels of Na* in the solution, which could lead
to a variation in peak absorption [Zhang et al.,
2023]. The concentration effect was examined
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Figure 4. Magnetization curves of Fe O,

Fe,0,/Chi-PVA, and Fe,O,/Chi-PVA@NiO composites
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with tetracycline concentrations of 20, 40, 60,
and 80 mg/L, maintaining a solution pH of 5 and
a catalyst dose of 0.25 g/L, as illustrated in Fig-
ure S5c. The maximum degradation observed at
an initial tetracycline concentration of 20 mg/L
reached 92.89%. Raising the initial tetracycline
concentrations to 40, 60, and 80 mg/L resulted in
degradation efficiencies of 89.0%, 83.70%, and
78.90%, respectively. The composite surface is
restricted in its availability, which can be exac-
erbated by increased concentration, resulting in
tetracycline competition [Zhang et al., 2023].
Elevating the tetracycline concentration will
additionally obstruct the light source radiation
from reaching the catalyst [Hariani et al., 2022].

Figure 5d depicts the breakdown rate of tetra-
cycline relative to the catalyst dosage. The degra-
dation efficiency improved from 92.89% at a dose
0f 0.25 g/L to 98.20% at a dose of 0.5 g/L for 100
min. An increase in the catalyst dose is associated
with a rise in the number of active sites on the
catalyst surface for interaction with tetracycline.

However, the degradation efficiency declined at a
concentration of 0.75 g/L. The catalyst material is
an insoluble substance, and its elevated concentra-
tion leads to enhanced light scattering. An exces-
sive dosage will lead to increased light scattering,
diminish the light transmittance of the solution,
and hinder any further enhancement in photocata-
lyst performance [Yuan et al., 2022].

Kinetics of photocatalytic degradations

Multiple studies demonstrate that tetracy-
cline degradation follows pseudo-first-order ki-
netics, as defined by the Langmuir-Hinshelwood
model [Han et al., 2024; Golrizkhatami et al.,
2023]. The degradation kinetics were exam-
ined with tetracycline concentrations varying
from 20 mg/L to 80 mg/L, with increments of
20 mg/L, at a constant pH of 5 and a catalyst
dose of 0.5 g/L administered. The equation rep-
resenting the pseudo-first-order process is ex-
pressed as follows:

4 2
i —o—pH3 —o—pH4 —o—pH5
@ (b) : pH6 —o—pH7 —o—pHS
3 1 g ——pH9
2 5\
0.8 4
o1 ) i \
< o 0.6 4
© :
0 . — ;
1 2 3 4 5 6 8§ 9 10 11 12 1 04 4
-1 :
02 -
-2 Dark i Light
— 6 :
3 Initial pH 40 20 0 20 40 60 80 100 120 140
nitial p Irradiation Time (min)
© ——20 mg/L ——40 mg/L () —-—0.25g/. —-—05¢gL
1 - ——60 mg/L ——80 mg/L ——075gL. ——1gL

C/Co

Light

Irradiation time (min)

-40 20 0 20 40 60 80 100 120 140

0.6
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0.2

Dark Light

H
-40 20 0 20 40 60 80 100 120 140 160
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Figure 5. (2) pHpzc and the effect of (b) pH solution, (¢) initial concentration of tetracycline,
and (d) catalyst dosage on the degradation of tetracycline
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Figure 6. Pseudo-first-order kinetic profiles at varying starting doses of tetracycline
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The curve depicting the correlation between
In C/C and time (t) are illustrated in Figure 6,
with C| representing the initial concentration of
the solution and C denoting the concentration
remaining at any given time. The coefficient of
determination (R?) value approaches 1, suggest-
ing a robust relationship between the two vari-
ables. The k= value shows an upward decreas-
ing trend with increased concentration, specifi-
cally 0.0235 min, 0.0202 min!, 0.0157 min’
and 0.0143 min". The k_ value is influenced by
the concentration of the degraded substance and
the catalyst dosage [Sharma et al., 2022; Han et
al., 2024]. Understanding the degradation mech-
anism is important for the development of novel
photocatalysts with enhanced efficacy. Exposure
of the catalyst with sufficient energy can pro-
mote electron excitation from the valence band
to the conduction band, so generating holes in
the valence band. The interaction of conduc-
tion band electrons with dissolved oxygen on
the catalyst surface can lead to the formation of
superoxide radicals. Within the valence band,
holes can undergo the oxidation of water mol-
ecules or hydroxyl ions existing on the surface,
resulting in the generation of hydroxyl radicals.
The mechanism of photocatalytic degradation
may be described by the following [Shaban et
al., 2020; Hariani et al., 2022].

Fe,0,/Chi-PVA@NIO + hv —

- Fe,0,/Chi-PVA@NIO (e, +h,,)  (3)

eCB' + 02 — 02._ (4)

h,,"+H,0— "OH+H" (5)
Tetracycline + ‘OH + O, *— —

— CO,+H,0 + other product (6)

Reusability of catalyst

The examination of catalyst stability and
utilization is crucial when considering eco-
nomic implications. The catalytic capacity of
the composite was assessed through repetitive
tetracycline degradation performed over five
consecutive cycles. The catalyst was isolated
from the solution after photocatalytic degrada-
tion with magnet, then washed, dried, and re-
used for another process [Guan et al., 2024].
Figure 7 illustrates the degradation efficiency
observed after five consecutive cycles, which
were observed at 97.60%, 96.35%, 95.20%,
94.82%, and 94.10%. The decline in catalytic
efficiency was posited to be associated with the
blockage of active sites, particularly due to the
accumulation of residual tetracycline on the
surface of catalyst and the leaching of specific
Ni ions from the catalyst. The findings of this
study surpass the degradation of tetracycline
utilizing 2-D gC,N, supported CoFe,O,, with
the catalytic efficiency of the catalyst declining
to approximately 86% in the sixth cycle [Gogoi
et al., 2023]. It demonstrates that the catalyst
exhibits remarkable catalytic stability, leading
to substantial cost savings.
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Figure 7. The degrading efficacy of the Fe,O,/Chi-PVA@NiO composite following five cycles

FTIR characterization prior and following
photocatalytic degradation

FTIR spectra of the Fe,O,/Chitosan-PVA
composite before to and following photoca-
talysis is depicted in Figure 8. The vibrations
of O—H and N-H bonds were detected at 3387
cm’'. The bond vibrations of C-H and -CH, ap-
peared at 2931 cm™ and 1408 cm™' which origi-
nated from chitosan and PVA. Additionally, the
subtle peak observed at 1328 cm™! indicates the
chitosan amide band [Sanchez-Machoda et al.,
2023]. The wave number at 1606 cm™ linked
to the stretching vibration of the aromatic ring

C—C, while wave number at 1017 cm™ is cor-
respond to the C—O-C bond. Metal-oxygen
bonds typically appear within the 400-600 cm™!
wave range. The band near 500 cm™ is linked
to the overlapping of O—Fe—O bond with Ni—O
bond [Ayed et al., 2023; Qin et al., 2024]. The
peak was noted at wave numbers 549 and 555
cm! before and following photocatalytic degra-
dation. Both spectra exhibited no shift in wave
numbers; only variations in intensity were ob-
served. This behavior indicates that the Fe,O,/
Chitosan-PVA@NiO composite demonstrates
remarkable stability. Table 2 presents vari-
ous catalysts employed in the photocatalytic
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Figure 8. FTIR spectra of Fe,O,/Chi-PVA@NiO before and after photocatalytic degradation
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Table 2. Evaluation of tetracycline degradation efficacy utilizing various catalysts.

Photocatalyst Irrzii;ir:i)me pH Con(ﬁg};:a)xtion D(ogs/aLg);e Degradation (%) References
Fe,.,sCu,.,s(BDC)@DE/H,0, 120 20 0.5 93 Cui et al. [2022]
Cu,0/BiOCI S-scheme 80 4 20 0 90.3 Yuan et al. [2022]
(Bi)BiOBr/rGO 140 - 20 98 Jiang et al. [2022]
CuO/Fe,0,/GO 150 7 30 0.2 97.3 Zhu et al. 2022
Bi,WO, 180 - 20 0.3 79.68 Chen et al. [2023]
Cr,0,/Zr0, 120 - 50 1 97.1 Wei et al. [2023]
Cus/Cds 50 - 20 05 9 Siddh?zrggg? etal.
BivVO,(110)-Fe,O, 60 - 15 0.4 915 Fu et al. [2023]
BiVO,/COF 90 - 20 0.2 91.56 Li et al. [2024]
Fe,O,/Chi-PVA@NiO 100 5 20 0.5 98.20 In this work

degradation of tetracycline as reported in mul-
tiple studies. The catalyst from the Fe O,/Chi-
PVA@NiO composite exhibits superior cata-
lytic efficacy compared to the others.

CONCLUSIONS

This research demonstrates the successful
synthesis of Fe;04/Chi-PVA@NiO composite for
the photocatalytic degradation of tetracycline.
Typically, NiO has a band gap value exceeding
3.0 eV. Modification of NiO with FesO4/Chi-PVA
reduces its band gap to below 2 eV, enabling ef-
fective use in the visible light spectrum. The com-
posite showed outstanding photocatalytic perfor-
mance compared to other catalysts, achieving a
degradation efficiency of 98.20% at pH 5, tetracy-
cline concentration of 20 mg/L, composite dose
of 0.5 g/L, and irradiation for 100 min under vis-
ible light. The composite exhibits superior stabil-
ity, evidenced by its 94.10% degradation ability
sustained after five cycles. The result is supported
by the FTIR spectra, which reveal no substantial
alteration in functional groups before and after
photocatalytic degradation. The results of this in-
vestigation can offer insightful information, par-
ticularly for wastewater treatment applications in
environmental remediation.
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