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ate framework improved
vanadium ferrite: toxicological profile and its utility
in the photodegradation of some selected
antibiotics in aqueous solution

Adewale Adewuyi, *a Wuraola B. Akinbola,ac Chiagoziem A. Otuechere,b

Adedotun Adesina,b Olaoluwa A. Ogunkunle,c Olamide A. Olalekan,a

Sunday O. Ajibadea and Olalere G. Adeyemia

Zeolitic imidazolate framework improved vanadium ferrite (VFe2O4@monoZIF-8) was prepared to purify

a ciprofloxacin (CP), ampicillin (AP), and erythromycin (EY) contaminated water system via a visible light

driven photocatalytic process. Furthermore, VFe2O4@monoZIF-8 was evaluated for its hepato-renal

toxicity in Wistar rats to establish its toxicity profile. Characterization of VFe2O4@monoZIF-8 was

performed with scanning electron microscopy (SEM), X-ray diffractometry (XRD), Fourier-transform

infrared spectroscopy (FTIR), thermogravimetry evaluation (TGA), energy-dispersive X-ray microanalysis

(EDX), and transmission electron microscopy (TEM). The VFe2O4@monoZIF-8 crystallite size determined

by XRD is 34.32 nm, while the average particle size from the TEM image is 162.32 nm. The surface of

VFe2O4@monoZIF-8 as shown in the SEM image is homogeneous having hexagonal and asymmetrically

shaped particles. EDX results confirmed vanadium (V), iron (Fe), oxygen (O), carbon (C) and zinc (Zn) as

the constituent elements. The bandgap energy is 2.18 eV. VFe2O4@monoZIF-8 completely (100%)

photodegraded all the antibiotics (CP, AP and EY). In the 10th regeneration cycle, the degradation

efficiency for CP was 95.10 ± 1.00%, for AP it was 98.60 ± 1.00% and for EY it was 98.60 ± 0.70%.

VFe2O4@monoZIF-8 exhibited no significant changes in the plasma creatine, urea and uric acid levels of

rats studied, suggesting healthy function of the studied kidneys. Furthermore, there was no significant

effect on plasma electrolyte, sodium and potassium levels. The photocatalytic degradation capacity of

VFe2O4@monoZIF-8 compared favorably with previous studies with minimal toxicity to the hepato-renal

system, which suggests VFe2O4@monoZIF-8 as a potential resource for decontaminating antibiotic

polluted water systems.
Sustainable spotlight

The detection of antibiotics in water is worrisome and there is a need to nd a sustainable water treatment solution to completely (100%) remove them during
wastewater purication. This research work addresses the sustainable development goal-6 (SDG-6) by proffering sustainable means for the purication of
antibiotic-contaminated environmental drinking water sources. The aim is to provide safe clean water. Interestingly, zeolitic imidazolate framework improved
vanadium ferrite (VFe2O4@monoZIF-8) in this study completely removes ciprooxacin, ampicillin, and erythromycin from contaminated water. The study
further examined the toxicity of VFe2O4@monoZIF-8. The photocatalytic degradation capacity of VFe2O4@monoZIF-8 compared favorably with previous studies
with minimal toxicity to the hepato-renal system, which suggests VFe2O4@monoZIF-8 as a potential resource for decontaminating antibiotic polluted water.
1. Introduction

Despite the fact that antibiotics have saliently contributed to the
control and treatment of diseases, their presence in potable
f Natural Sciences, Redeemer's University,
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o University, Ile-Ife, Nigeria

the Royal Society of Chemistry
water is prohibited. The indiscriminate use and poor unregu-
lated environmental disposal of antibiotics contribute to their
presence in environmental drinking water sources. Surface
water systems are the most polluted among known environ-
mental drinking water sources. Interestingly, studies have
detected antibiotics in many surface water systems from several
countries.1–6 In fact, antibiotics have been uncovered in tap and
bottled water in different countries.7–11 Even when the antibi-
otics are present at low concentration, it is important to remove
them from water; for example, metronidazole (an antibiotic) is
RSC Sustainability, 2025, 3, 427–439 | 427
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toxic, mutagenic and carcinogenic.10 It is important that anti-
biotics are adequately quantied in water samples12 to help in
monitoring their presence in drinking water sources. This
discovery of antibiotics in water is worrisome and there is
a need to nd a sustainable water treatment solution to remove
them during the wastewater purication process.6,11

Most antibiotics are persistent in the environment and can
metamorphose into forms that are toxic and may become
harmful to human beings.13,14 Although methods are known for
decontaminating antibiotic-polluted water systems, many of
these methods suffer from limitations such as insufficient
removal of antibiotics, being expensive and production of toxic
side products.15 This research work is focused on overcoming
these limitations by developing a water treatment resource that
could completely eliminate antibiotics from water systems.
Among the many known antibiotics, ciprooxacin (CP), ampi-
cillin (AP) and erythromycin (EY) are the most commonly
detected antibiotics in drinking water, which may be due to
their intemperate and indiscriminate use without medical
prescriptions, since they are purchased over the counter in
many poor nations.

This study focuses on the complete elimination of CP, AP,
and EY from water because they are of serious concern due to
their frequent detection in drinking water globally, especially in
poor countries. The majority of the known wastewater treat-
ment plants (WWTP) cannot completely remove them during
the production of drinking water because the WWTPs were not
designed to handle such emerging water micro-contaminants
(CP, AP and EY). Interestingly, many studies have demon-
strated that photocatalysis can remove organic pollutants from
water by converting such pollutants to nontoxic low molecular
weight molecules. Photocatalysts are capable of removing
organic pollutants from water via an advanced oxidation
process by generating highly reactive chemical species that
attack the organic pollutants and convert them to less toxic
smaller molecules.10,16 Previously, titanium based photocatalyst
were reported for antibiotic degradation with efficiency perfor-
mance;17 similarly, carbon quantum dot modied Bi2MoO6

demonstrated 88% efficiency towards the degradation of CP.18

Although many photocatalysts have been produced, it is better
to develop visible light active photocatalysts since visible light is
abundantly and freely available, which makes the process
affordable and cost-effective compared to using ultraviolet (UV)
light active photocatalysts. UV light active photocatalysts
require an additional UV light source for the photocatalytic
process, which incurs an additional process cost. A study re-
ported an efficiency of 55% for the degradation of CP using
Bi2MoO6 as the photocatalyst.19 Ion imprinting technology was
adopted for immobilizing Fe2+/Fe3+ onto TiO2/y-ash to
produce a visible light active photocatalyst for purifying CP
contaminated water.20 Furthermore, a plasmonic photocatalyst
(Ag/Ag2MoO4) demonstrated a 99% degradation of CP contam-
inated water.21 A nanosheet heterojunction visible light active
photocatalyst (Bi3NbO7) has shown an efficiency of 86% for
removing CP from water.22 Unfortunately, many of the reported
photocatalysts do not have the capability to completely elimi-
nate antibiotics of concern from water systems. Therefore, to
428 | RSC Sustainability, 2025, 3, 427–439
overcome the limitation of insufficient removal of antibiotics
from water, this work investigates the preparation of visible
light sensitive photocatalysts for sufficient decontamination of
antibiotic polluted water systems.

To develop an efficient photocatalyst, the current research
work proposes vanadium ferrite (VFe2O4) as a visible light
sensitive photocatalyst for removing CP, AP and EY from
aqueous solutions. During the photocatalysis process, electron
(e−) and hole (h+) pairs are produced to achieve the elimination
of organic pollutants (in this case, antibiotics) in aqueous
solutions; however, the e−/h+ pair may recombine to reduce the
photocatalytic performance, which is a limitation to the water
purication process.23–26 To overcome the limitation of recom-
bination of the e−/h+ pair, we conceptualize the incorporation of
VFe2O4 in a carbon source. The carbon source may serve as
a base for trapping the e−/h+ pair, which may help prevent the
e−/h+ pair from recombining. Several materials are known to
have the capacity to serve as carbon sources. Moreover, for the
water purication process, water stable carbon base materials
such as zeolitic imidazolate framework (ZIF-8) are preferred;
therefore, to circumvent the limitation arising because of the
recombination of e−/h+ pairs, ZIF-8 was utilized as the carbon
source. Previous studies have reported the use of zirconium-
based MOF materials as efficient resources for the removal of
antibiotics from water systems.27,28 Furthermore, MOF-based
materials have also been reported for sensing antibiotics in
water systems29 with biomedical applications.30–33 The toxicity
proles of the many photocatalysts known are uninvestigated.
The lack of information on the toxicity prole of photocatalysts
used in water treatment has limited their use in large scale
water purication. It is a necessity to establish the safety prole
of photocatalysts when used in water purication to better
understand the human safety exposure limit in case the pho-
tocatalyst leaches into water during treatment.

To assess the complete elimination of antibiotics fromwater,
this study aims to incorporate VFe2O4 into ZIF-8 to produce
VFe2O4@monoZIF-8 as a monolithic photocatalyst for the
degradation of CP, AP and EY. Apart from serving as a carbon
source, the inclusion of ZIF-8 to form a monolithic photo-
catalyst (VFe2O4@monoZIF-8) additionally aids in the recovery of
particles of VFe2O4 from solution. Furthermore, this study aims
to investigate the safety prole of VFe2O4@monoZIF-8 as a pho-
tocatalyst by subjecting VFe2O4@monoZIF-8 to animal studies.
To date, information on the synthesis and application of
VFe2O4@ZIF-8 as a photocatalyst for water treatment is limited.
Moreover, there is no information on the toxicity prole of
VFe2O4@monoZIF-8.

2. Materials and methods
2.1. Materials

Zinc dinitrate (Zn(NO3)2$6H2O), 1-chloro-2,4-di nitrobenzene
(CDNB), hydrochloric acid (HCl), sodium chloride (NaCl), pol-
yvidone (PVP), iron(III) chloride (FeCl3$6H2O), thiobarbituric
acid (TBA), sodium hydroxide (NaOH), 2-methyl-1H-imidazole
(CH3C3H2N2H), ammonia solution (NH4OH), vanadium(III)
chloride (VCl3), 2,2-diphenyl-1-picrylhydrazyl (C18H12N5O6),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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methanol (CH3OH), epinephrine (C9H13NO3) methyl trichloride
(TM), diammonium oxalate (DO), 2-propanol (2P), dimethyl
sulfoxide (DMSO), CP, AP, EY, 50,50-dithiobis-(2-nitrobenzoic
acid), dimethylsulfoxide (DMSO) and ethanol (C2H5OH) were
procured from Aldrich Chemical Co., England.

2.2. Synthesis of VFe2O4 particles

Particles of VFe2O4 were synthesized by mixing aqueous solutions
of 0.2 M VCl3, 0.4 M FeCl3$6H2O and PVP at 80 °C for 60 min in
a 1 L beaker. The solution pH of the reacting mixture was
increased to a pH of 10 by adding NH4OH solution and stirred for
another 60 min. Aer cooling to 303 K, the reaction solution was
ltered and the residue was washed many times with deionized
H2O and C2H5OH. The washed residue was dried at 105 °C in an
oven for 5 h and kept in a furnace at 550 °C for 18 h.

2.3. Synthesis of VFe2O4@monoZIF-8

Methanol solutions of 0.985 mmol Zn(NO3)2$6H2O and
0.985 mmol CH3C3H2N2H (containing 50 mg of VFe2O4 parti-
cles) were separately sonicated at 303 K for 30 min. The soni-
cated methanol solutions of Zn(NO3)2$6H2O and CH3C3H2N2H
+ VFe2O4 were combined and stirred at 120 rpm for 15 min (303
K). The product formed was separated by centrifugation at
6000 rpm (20 min) and washing 3 times with C2H5OH. The
product obtained was dried at 303 K overnight.

2.4. Characterization of VFe2O4@monoZIF-8

VFe2O4@monoZIF-8 was analyzed on Fourier transform infrared
spectroscopy (FTIR) while the thermogravimetric measurement
was conducted on a TGA/DSC Stare. The X-ray diffraction
pattern was obtained using a diffractometer (at 2q from 5–90°).
The surface structure was observed by scanning electron
microscopy (SEM), which was coupled with energy-dispersive X-
ray spectroscopy (EDX) to determine the constituent element.
The surface properties were further checked using transmission
electron microscopy (TEM), while activity under UV/visible light
was recorded on a UV-visible spectrophotometer.

2.5. Photocatalytic degradation of CP, AP and EY by
VFe2O4@monoZIF-8

Photodegradation of CP, AP, and EY via VFe2O4@monoZIF-8 was
achieved by subjecting antibiotic (CP, AP or EY) solution (50mL,
10.00 mg L−1) to xenon, 150 W, 550 nm irradiation for 200 min
under stirring at 120 rpm in the presence of VFe2O4@monoZIF-8
(0.005 g). Samples were withdrawn at intervals and examined
with a PerkinElmer UV-visible spectrophotometer to determine
the extent of photocatalytic degradation or photocatalytic
degradation capacity of VFe2O4@monoZIF-8. The withdrawn
samples were read at predetermined lmax: lmax = CP271nm,
AP420nm and EY285nm. To optimize the photodegradation
process, antibiotic aqueous solution concentration was varied
from 2.00–10.00 mg L−1, the weight of VFe2O4@monoZIF-8 was
varied from 0.001 to 0.05 g and antibiotic aqueous solution pH
was varied from pH 2 to 10. Under the established optimized
process conditions, the experiment was conducted skiving off
© 2025 The Author(s). Published by the Royal Society of Chemistry
the xenon, 150 W, irradiation to probe adsorption existence
during the photocatalytic degradation process. All the experi-
ments were conducted in triplicate. The photocatalytic degra-
dation efficiency was determined as:

Degradation efficiencyð%Þ ¼ 100�
�
1� Ct

C0

�
(1)

The percentage removal achieved by VFe2O4@monoZIF-8
towards the antibiotics for the experiment conducted without
supplying visible light was determined as:

% removal ¼ ðC0 � CeÞ
C0

� 100 (2)

In eqn (1) and (2), C0, Ct and Ce represent the initial, time
and equilibrium concentrations of the test solution,
respectively.

2.6. Determination of the contribution from ROS in the
photodegradation process

The mechanism describing the antibiotic photodegradation by
VFe2O4@monoZIF-8 was investigated by studying the role of ROS
in the process by adding 1 mM of specic ROS scavenger to the
photocatalytic degradation medium. In this study, DO scav-
enged h+ while the hydroxyl radical (OHc) was scavenged by 2P.
TM was responsible for scavenging the superoxide ion radical
(cO2

−). The role of ROS was probed keeping the process
parameters as: antibiotic test solution concentration =

10.00 mg L−1, VFe2O4@monoZIF-8 weight = 0.005 g, antibiotic
aqueous solution pH = 7.2, stirring speed = 120 rpm and
photodegradation time = 160 min. The experiments were con-
ducted in triplicate (with and without the scavenger for
comparison).

2.7. Regeneration of VFe2O4@monoZIF-8 for reuse

VFe2O4@monoZIF-8 was regenerated via a solvent regeneration
process using deionized H2O, 0.1 M HCl, DMSO or a mixture of
DMSO and 0.1 M HCl (1 : 3) as regeneration solvent. Aer each
160min of photodegradation, VFe2O4@monoZIF-8 was recovered
from the medium by 20 min centrifugation at 5500 rpm. The
recovered VFe2O4@monoZIF-8-Antibiotic (CP/AP/EY) was
dispersed in the regeneration solvent (20 mL) and sonicated for
30 min before centrifuging at 5500 rpm for 20 min. The ob-
tained VFe2O4@monoZIF-8 was dried for 3 h at 378 K in an oven
to activate it for reuse. The regeneration process was repeated in
the 10th cycles. Samples were taken at each cycle and analyzed
by atomic absorption spectroscopy (AAS) with a graphite tube
atomizer to check whether VFe2O4@monoZIF-8 leached into the
medium as photodegradation took place. VFe2O4@monoZIF-8
was recharacterized by XRD and FTIR aer the 10th cycle to
validate any changes in its structure.

2.8. Toxicity proling of VFe2O4@monoZIF-8

Healthy Wistar rats weighing 150–200 g were administered
VFe2O4@monoZIF-8 to investigate its hepato-renal effect. To
RSC Sustainability, 2025, 3, 427–439 | 429
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Fig. 1 FTIR (a), TGA (b), XRD (c), UV-visible (d) and Tauc plot (e) of
VFe2O4@monoZIF-8.
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achieve this, the rats were divided into 3 different groups (n =

6). The rats were fed with a standard pelleted diet (Ladokun
FeEDX, Ibadan, Nigeria) and housed under relative humidity
(70–80%) and a temperature of 298 K for 12 h day/night cycles.
The animals received care as stipulated by Redeemer's Univer-
sity research and ethics committee. VFe2O4@monoZIF-8 was
administered for fourteen days as follows:

� Group A: control experiment (rats fed with 0.9% saline).
� Group B: rats fed with VFe2O4@monoZIF-8 ((1 mg per kg

body weight), orally, once daily).
� Group C: rats fed with VFe2O4@monoZIF-8 ((2 mg per kg

body weight), orally, once daily).
Each group was steadily monitored daily for any symptoms

and clinical signs of toxicity. The rats were cervically dislocated
24 h aer the last administration of VFe2O4@monoZIF-8. Blood
was obtained from experimental rats by venipuncture and
collected into EDTA bottles. The blood collected was subse-
quently centrifuged (4000 rpm, 10 min) to obtain the plasma
and freeze stored (−20 °C) until further analysis. Aer the
sacrice, the liver and kidneys were harvested, cleaned and kept
in ice-cold sucrose solution (0.25 M). The organs were blotted
before being separately homogenized (0.1 M phosphate buffer
solution) at pH 7.4. Post-mitochondrial fractions were obtained
aer centrifuging the homogenates at 10 000 rpm for 20 min at
4 °C. The supernatants were frozen-stored at −20 °C until
required for analysis. Albumin, aspartate aminotransferase
(AST), creatinine, alanine aminotransferase (ALT), total bili-
rubin, triglycerides, calcium, sodium and potassium were
determined using Randox kits.34 All animal care and experi-
mental etiquette were executed according to the approved
guidelines set by the Redeemer's University Committee on
Ethics for Scientic Research. The approved code for this study
is RUN/REC/2022/007.

2.9. Histological and gross examination

The harvested liver and kidney tissues were xed with formalin
(10%). They were dehydrated in alcohol (70–100%) and
embedded in paraffin (4 °C; 15 min) before being cut into
sections (5 mm) using a rotary microtome. The slides were oven-
dried at 37 °C for 12 h and processed for periodic acid–Schiff
(PAS) counter-staining. The specimens were examined for
morphological alterations using a light microscope.35

2.10. Statistical analyses

Data were statistically treated using one-way analysis of variance
(ANOVA) and Dunnet's post hoc test on Graph Pad Prism 8
soware. Data with a p-value < 0.05 are regarded as signicant.

3. Results and discussion
3.1. Synthesis and characterization of VFe2O4@monoZIF-8

The FTIR result (Fig. 1a) showed peaks suggesting the synthesis
of VFe2O4@monoZIF-8. The broad signal at 3421 cm−1 is the
overlapping vibrations of N–H and O–H stretches arising from
the imidazole structure of VFe2O4@monoZIF-8 and adsorbed
water molecules.36–38 The peaks at 3092 and 2921 cm−1 were the
430 | RSC Sustainability, 2025, 3, 427–439
C–H stretches of the aromatic ring and alkanes, respectively.
The band appearing at 1653 cm−1 was attributed to the O–H
bond of the adsorbed water molecule resonating the stretch at
3421 cm−1. The stretches of C]N of the imidazole structure
and C]C of the aromatic ring were seen at 1648 and 1582 cm−1,
respectively. The signal corresponding to the C–N stretch
appeared at 1297 cm−1 while the O–Fe–O vibration was at
1110 cm−1. The O–V–O and V–Fe vibration frequencies
appeared at 983 and 962 cm−1, respectively. The signal at
910 cm−1 was assigned to the C–N bend. The Fe–O and Zn–N
signals appeared at 641 and 624 cm−1, respectively, while the
V–O vibration appeared at 501 cm−1.

The thermal stability of VFe2O4@monoZIF-8 is revealed in
Fig. 1b, which shows ve distinct mass losses. The loss in the
range 55 to 137 °C suggests the loss of water molecules and
other adsorbed small molecules. This conrms the FTIR results
at 3421 cm−1 suggesting the O–H stretch of adsorbed water
molecules. The second loss at 137 to 401 °C suggests the
decomposition of the imidazole structure in the molecule of
VFe2O4@monoZIF-8, which may be accompanied by loss of small
molecules like CO2, NH3, and H2O. The loss from 401 to 503 °C
may account for the dehydration of the OH group with the
formation of oxides of metal because of intra- and inter-
molecular transfer interactions.39,40 The observation of mass
loss from 503 to 614 °C may be due to the continuous decom-
position and phase change occurring in the structure of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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VFe2O4@monoZIF-8, while the loss above from 614 °C may be
due to structural collapse and carbonization of VFe2O4@mono-
ZIF-8.41 The X-ray diffraction pattern of VFe2O4@monoZIF-8
(Fig. 1c) showed signals spacing at 2q corresponding to (011),
(002), (112), (022), (013), (220), (101), (121), (131), (222), (233),
(400), (111), (422), (331), (511), (440), (533), (622), (642), (731)
and (800). The crystallite size (D) of VFe2O4@monoZIF-8 was
determined from the X-ray wavelength, l (1.5406 Å), constant, K
(0.89), width of the diffraction pattern (b) and Bragg's angle (q)
as dened below:42,43

D ¼ Kl

b cos q
(3)

The D value obtained for VFe2O4@monoZIF-8 is 34.32 nm. The
value is smaller compared to the value range (37–45 nm)
revealed for some ferrite molecules,44 suggesting the potential
of VFe2O4@monoZIF-8 being a catalyst.45
Fig. 2 SEM of VFe2O4@monoZIF-8 (a), EDX of VFe2O4@monoZIF-8 (b), elem
8 (d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
The UV-visible analysis of VFe2O4@monoZIF-8 (Fig. 1d)
revealed sensitivity in response to the visible region of light,
which supports the fact that VFe2O4@monoZIF-8 can serve as
a visible light active photocatalyst. This is the reason for using
VFe2O4@monoZIF-8 in this study for the photocatalytic degra-
dation of CP, AP and EY. Moreover, being active in visible light
suggests that there may be no need to purchase an external
source of light to activate VFe2O4@monoZIF-8 for the photo-
catalytic process since visible light is abundant in nature. The
Tauc plot (Fig. 1e) from the data generated from the UV-visible
activity of VFe2O4@monoZIF-8 could describe the energy band
gap (Eg) from the light frequency (hv) and proportionality
constant (A), as:

(fhv)2 = A(hv − Eg) (4)

The Tauc plot revealed the Eg of VFe2O4@monoZIF-8 to be
2.18 eV, which is within the range for visible light active
ental mapping of VFe2O4@monoZIF-8 (c) and TEM of VFe2O4@monoZIF-
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photocatalysts.46,47 The optical macroscopic properties of VFe2-
O4@monoZIF-8 from the UV-visible absorption data may help in
understanding the particle size dispersion and lling factor of
VFe2O4@monoZIF-8;48–50 however, this study conrmed the direct
electronic transition of bulk VFe2O4@monoZIF-8 by Eg. The SEM
results (Fig. 2a) revealed the surface of VFe2O4@monoZIF-8 to be
homogeneous with hexagonal and asymmetrically shaped
particles. The elemental composition from EDX (Fig. 2b)
includes V, C, O, Zn and Fe as buttressed by the elemental
mapping result (Fig. 2c1–5). TEM results (Fig. 2d) revealed
a morphology of VFe2O4@monoZIF-8 with particles that appear
aky and a few oval shaped particles. TEM results conrmed the
average particle size of VFe2O4@monoZIF-8 to be 162.32 nm.
3.2. Photodegradation of antibiotics by VFe2O4@monoZIF-8

VFe2O4@monoZIF-8 achieved a complete removal (100%) of the
evaluated antibiotics from solution (Fig. 3a). The complete
removal was attained at different irradiation times. The degra-
dation of CP, AP and EY plateaued at 80, 140 and 160 min of
irradiation, respectively. The degradation was studied at
Fig. 3 Time dependent degradation of CP, AP and EY by VFe2O4@-

monoZIF-8 under visible light irradiation at an antibiotic concentration
of 10.00 mg L−1 (a), effect of solution concentration on the degra-
dation efficiency of VFe2O4@monoZIF-8 towards CP, AP and EY (b),
effect of catalyst loading on the degradation efficiency of VFe2O4@-

monoZIF-8 towards CP, AP and EY (c), effect of solution pH on the
degradation efficiency of VFe2O4@monoZIF-8 towards CP, AP and EY
(d) and plot of lnC0/Ct versus irradiation time for the degradation of
CP, AP and EY at 10.00 mg L−1 (e).

432 | RSC Sustainability, 2025, 3, 427–439
different solution concentrations varying from 1 to 10 mg L−1

(Fig. 3b). The study showed a complete removal of the antibi-
otics even at these concentrations, which are higher than the
actual concentrations at which the antibiotics have been
detected in environmental drinking water source samples.4 The
VFe2O4@monoZIF-8 loading (Fig. 3c) showed a steady increase in
degradation efficiency as loading increased from 0.04 to 0.2 g
L−1 for CP, AP and EY, which may be ascribed to an increase in
the surface area promoting the generation of e−/h+ pairs
required for the photodegradation. The efficiency remained
constant from a loading of 0.2 to 0.32 g L−1 except for EY (0.2 to
0.4 g L−1). However, increasing the weight above 0.32 g L−1 for
CP and AP or 0.4 g L−1 for EY led to a decrease in the degra-
dation efficiency of VFe2O4@monoZIF-8, which may be due to the
reduction in photoillumination resulting from the cloudiness of
the reaction medium.51 The effect of the test solution pH on the
performance of VFe2O4@monoZIF-8 is shown in Fig. 3d. The
degradation process is favored as pH moves towards neutrality.
The preferred solution pH for optimum photodegradation
performance is 7.2. Unfortunately, the performance of VFe2-
O4@monoZIF-8 reduced as the solution pH increased towards
alkalinity. This observation may be due to the fact that the
generation of ROS becomes favored as the solution pH moves
towards neutrality, whereas as the pH tends towards alkalinity,
smaller amounts of active ROS are available to promote the
degradation process.

The data generated from the optimized process parameter
were subjected to pseudo-1st-order kinetic analysis. The process
rate constant (k) was estimated from the initial concentration
(C0) and time t concentration (Ct) as expressed below:

In

�
C0

Ct

�
¼ kt (5)

The value of k was obtained from the plot of In C0/Ct vs. time
(t) for light irradiation (Fig. 3e). The obtained k values could be
described as: CP (0.0364 min−1) > AP (0.0168 min−1) > EY
(0.0116 min−1), suggesting that the process was fastest for CP
compared to AP and EY. This may be related to the molecular
weight, CP (331.347 g mol−1) < AP (349.41 g mol−1) < EY
(733.937 g mol−1), indicating that the degradation rate becomes
fastest with the antibiotic having the least molecular weight
(CP). This explanation is apparent in the degradation time,
which is CP (80 min) < AP (140 min) < EY (160 min), indicating
that photodegradation was achieved more quickly for antibi-
otics with low molecular weights.
3.3. Determination of the contribution from ROS in the
photodegradation process

The interaction between VFe2O4@monoZIF-8 and the antibiotics
was described by studying the ROS involved in the reaction
(Fig. 4a). The involvement of ROS was evaluated by scavenging
the ROS during the process. Studies have shown that during the
photodegradation process, four reactive species are known and
the process may involve all, any or some of the reactive
species.52–54 When 2P was included in the reaction medium to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Degradation efficiency of VFe2O4@monoZIF-8 towards CP, AP
and EY with and without ROS scavengers (a), proposed mechanism for
the photodegradation of CP, AP and EY by VFe2O4@monoZIF-8 (b),
photodegradation efficiency of VFe2O4@monoZIF-8 after treatment
with different solvent systems (c), regeneration capacity of VFe2-
O4@monoZIF-8 towards CP, AP and EY in different treatment cycles (d)
and amounts of CP, AP and EY adsorbed by VFe2O4@monoZIF-8 in the
absence of light (e).

Fig. 5 FTIR of VFe2O4@monoZIF-8 before photocatalytic degradation
and in the 10th cycle of the photocatalytic degradation process (a) and
XRD of VFe2O4@monoZIF-8 before photocatalytic degradation and in
the 10th cycle of photocatalytic degradation (b).
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scavenge OHc, the degradation efficiency reduced, which
suggests that OHc is involved in the process. A similar obser-
vation was made when h+ and e− were scavenged except for CP
when h+ was scavenged. The efficiency was least when OHc was
scavenged, indicating that it played the most important role
during the photodegradation, while the highest degradation
efficiency was obtained when h+ was scavenged, indicating that
h+ played the least important role during the process. The
contributions from the ROS for the degradation could be
described as OHc > cO2

− > h+. Many studies have shown the
mechanism to involve the emergence of e−/h+ pairs at the
valence band of the catalyst (VFe2O4@monoZIF-8) when exposed
to visible light.55–57 The e− migrates to the conduction band
while the h+ is in the valence band. The h+ interacts with the
water molecule to generate the OHc radical while the e− inter-
acts with O2 molecules in the H2O to release the cO2

− radicals.
The radicals produced collide with the molecules of the anti-
biotics to initiate a continuous degradation process, as
described in Fig. 4b. One major disadvantage of the process is
the e−/h+ pair recombination, which reduces or limits the
photodegradation performance. This recombination was
© 2025 The Author(s). Published by the Royal Society of Chemistry
mitigated in this study by the introduction of a carbon source
involving the monoZIF-8 structure. Interestingly, the degradation
process was continuous, attaining a 100% removal of the anti-
biotics. The inclusion of monoZIF-8 did not only help prevent the
recombination of the e−/h+ pair but also helped in the catalyst
recovery from solution since VFe2O4@monoZIF-8 remained
a monolith throughout the process.
3.4. Regeneration of VFe2O4@monoZIF-8 for reuse

The regeneration of VFe2O4@monoZIF-8 was evaluated by solvent
regeneration. First, the solvents were screened as shown in
Fig. 4c to identify the most suitable solvent for the regeneration.
The evaluation revealed that a mixture of DMSO and 0.1 M HCl
(1 : 3) was the best solvent for the regeneration. Further regen-
eration of VFe2O4@monoZIF-8 was achieved using a mixture of
DMSO and 0.1 M HCl (1 : 3). The catalyst regeneration cycle was
up to the 10th cycle. The regeneration of VFe2O4@monoZIF-8 was
steady and 100% up to the 6th cycle for CP, AP and EY except for
AP, which maintained a 100% regeneration capacity up to the
8th cycle (Fig. 4d). In the 10th regeneration cycle, the degrada-
tion efficiency for CP was 95.10 ± 1.00%, for AP it was 98.60 ±

1.00%, and for EY it was 98.60 ± 0.70%. The results from the
skiving off of light revealed adsorption taking place during the
process but with less that >5% efficiency demonstrated by
VFe2O4@monoZIF-8, as shown in Fig. 4e. The results from the
AAS showed no leaching of VFe2O4@monoZIF-8 into the solution
at the cycles analyzed, which suggests the stability of the cata-
lyst. Furthermore, the FTIR (Fig. 5a) and XRD (Fig. 5b) of
VFe2O4@monoZIF-8 before and aer the degradation did not
show any phase change of defects in the structure of VFe2-
O4@monoZIF-8, suggesting the good stability of VFe2O4@mono-
ZIF-8 through the process.

The degradation capacity exhibited by VFe2O4@monoZIF-8 was
compared with that of other photocatalysts reported in the
literature (Table 1). VFe2O4@monoZIF-8 compared favorably with
published reports demonstrating complete removal of the anti-
biotics and a regeneration capacity above 95%. The degradation
capacity of VFe2O4@monoZIF-8 towards CP is higher than the
values obtained for CeNTs,60 CeO2/ZnO65 and ZnO/g-C3N4.66 Its
performance towards AP is better than that of Ru/WO3/ZrO2 with
RSC Sustainability, 2025, 3, 427–439 | 433
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Table 1 Comparison between the photodegradation performance of VFe2O4@monoZIF-8 and previously reported photocatalystsa

Material ANB DEF (%) LS CL (g L−1) Conc (mg L−1) Stability (%) Reference

ZnFe2O4@chitosan CP 99.80 Xe lamp (150 W) 1.00 5.00 97.60 (15th cycle) 45
CuxO/MOF CP 92.00 VL 0.50 15.00 >85 (6th cycle) 58

NCuTCQD CP 100 Xe lamp 0.80 20.00 93.00 (6th cycle) 59
CeO2 CP 61.00 UV-B light 0.05 10.00 — 60
CeNTs CP 89.00 UV-B light 0.05 10.00 — 60
ZIF-8/SOD CP 99.80 Hg lamp 0.16 10.00 60.00 (3rd cycle) 61
Fe3O4/Bi2WO6 CP 99.70 VL 3.00 10.00 95.00 (5th cycle) 62
MMT/CuFe2O4 CP 83.75 UV light 0.78 32.50 — 63
Cu2O/MoS2/rGO CP 55.00 Halogen lamp 0.30 10.00 — 64
CeO2/ZnO CP 60.00 200 W Hg–Xe lamp 0.25 15.00 >50 (4th cycle) 65
ZnO/g-C3N4 CP 93.80 VL 0.05 20.00 89.80 (3rd cycle) 66
CeO2–Ag/AgBr CP 93.05 Xe lamp (300 W) 2.50 10.00 93.05 (4th cycle) 67
R. gordoniae rjjtx-2 EY 75.00 — — 100.00 — 68
Znpc–TiO2 EY 74.21 VL 0.40 1 × 10−5 M 68.59 (5th cycle) 69
TiO2 EY 31.57 VL 0.40 1 × 10−5 M 69
CNCS EY 81.02 UVc lamps (35 W) 0.50 50.00 — 70
Ti1−xSnxO2 EY 67.00 Sunlight 1.50 50.00 50.00 (12th cycle) 71
NiFe2O4@chitosan EY 100.00 150 W Xe light 1.00 5.00 83.30 (15th cycle) 72
ZnFe2O4@chitosan EY 83.20 VL 1.00 5.00 95.00 (15th cycle) 45
MWCNTs–CuNiFe2O4 AP 100.00 UV (36W) 0.50 25.00 93.72 (8th cycle) 73
Ru/WO3/ZrO2 AP 96.00 Xe lamp (150 W) 1.00 50.00 92.00 (2nd cycle) 74
FeSi@MN AP 70.00 Sunlight 0.60 100.00 63.00 (4th cycle) 75
VFe2O4@monoZIF-8 CP 100 VL (150 W Xe light) 0.20 10.00 95.10 (10th cycle) This study

AP 100 0.20 10.00 98.60 (10th cycle)
EY 100 0.20 10.00 98.60 (10th cycle)

a MMT/CuFe2O4 = ferrite copper nanoparticles onmontmorillonite,—= not reported, Conc= concentration of antibiotic, MWCNTs–CuNiFe2O4=
nickel–copper ferrite nanoparticles on multi-walled carbon nanotubes, AP = ampicillin, LS = light illumination source, NCuTCQD = carbon
quantum dots decorated on N–Cu co-doped titania, CL = catalyst loaded, ZIF-8/SOD = zeolitic imidazolate framework/sodalite zeolite, Znpc–
TiO2 = zinc phthalocyanine modied TiO2 nanoparticles, CNCS = cellulose nanocrystals, DEF = degradation efficiency, CP = ciprooxacin, VL
= visible light, and antibiotic = ANB.
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better regeneration capacity.74 The synthesis of VFe2O4@monoZIF-
8 is simple and can be easily regenerated by nontoxic solvent
systems for reuse. The capacity expressed by VFe2O4@monoZIF-8
towards EY is higher than those of Znpc–TiO2 (ref. 69) and g-
Fe2O3/SiO2.76 The study revealed VFe2O4@monoZIF-8 to be
a promising photocatalyst with capacity that compared favorably
with other previously reported photocatalysts in the literature.
3.5. Effect of VFe2O4@monoZIF-8 on plasma biochemical
indices

VFe2O4@monoZIF-8 had no signicant effect (P < 0.05) on the
weights and relative weights of organs of the groups that
received 1 and 2 mg kg−1 of treatment when contrasted with the
control group (Table 2). The observation suggests the stability of
Table 2 Impact of VFe2O4@monoZIF-8 on the organ and relative organ

Group LW RLW KW RKW HW

A 5.86 � 0.50 2.97 � 0.25 1.17 � 0.08 0.59 � 0.04 0.70 � 0.
B 5.84 � 0.27 2.96 � 0.14 1.10 � 0.06 0.56 � 0.03 0.64 � 0.
C 5.52 � 0.35 2.90 � 0.18 1.18 � 0.07 0.62 � 0.03 0.64 � 0.

a A = control, B = 1 mg kg−1, C = 2 mg kg−1, LW (g) = liver weight, RLW (
RKW (g per 100 g body weight) = relative kidney weight, HW (g) = heart w
spleen weight, RSW (g per 100 g body weight) = relative spleen weight, LW
weight. Each value represents the mean ± standard error of the mean of

434 | RSC Sustainability, 2025, 3, 427–439
VFe2O4@monoZIF-8 within the biological systems of the experi-
mental animals. Moreover, the animals were stable and no
death was recorded for the entire experimental period.

Liver function tests are essential for judging the health status
of the liver. For liver assessment, alanine transaminase (ALT)
and aspartate transaminase (AST) are enzymes found in liver
cells, and elevated levels can indicate liver damage or inam-
mation. A previous study has shown that elevated levels of the
alkaline phosphatase (ALP) enzyme may suggest bile duct
obstruction or bone disorders.77 The effects of VFe2O4@monoZIF-
8 on plasma liver function indices are shown in Fig. 6. The
result showed no signicant alterations in the plasma levels of
AST, ALT, alkaline phosphatase, direct bilirubin, total bilirubin
and albumin when compared to the control (P < 0.05). This
observation suggests that VFe2O4@monoZIF-8 poses no obvious
weights of studied animalsa

RHW SW RSW LW RLW

06 0.35 � 0.03 0.62 � 0.03 0.32 � 0.02 1.15 � 0.19 0.58 � 0.10
03 0.32 � 0.02 0.56 � 0.05 0.28 � 0.03 1.10 � 0.05 0.56 � 0.02
02 0.34 � 0.01 0.60 � 0.04 0.31 � 0.02 1.20 � 0.09 0.63 � 0.04

g per 100 g body weight) = relative liver weight, KW (g) = kidney weight,
eight, RHW (g per 100 g body weight) = relative heart weight, SW (g) =
(g) = lung weight, and RLW (g per 100 g body weight) = relative lung

5 animals.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effects of VFe2O4@monoZIF-8 on plasma liver function indices. Each value represents the mean ± SEM of 6 animals. AST = aspartate
aminotransferase; ALT = alanine amino transferase; ALP = alkaline phosphatase; DB = direct bilirubin; TB = total bilirubin.

Fig. 7 Effects of VFe2O4@monoZIF-8 on plasma kidney function and plasma lipid profile indices. Each value represents the mean± SEM of 6 animals.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 427–439 | 435
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threat to the safety of the studied animals based on the results
of the examined biochemical parameters. Similarly, these
results are in tandem with those of another study in mice that
showed the absence of any signicant effects on the liver
function markers in animals exposed to the oxides of vanadium
nanoparticles in a dose range of 2–6 mg kg−1.78

The results of the effect of VFe2O4@monoZIF-8 on plasma
kidney function parameters are displayed in Fig. 7. The kidney
is crucial for ltering and removing waste products, urea,
creatinine, and uric acid from the body. Sodium and potassium
levels are also closely linked to kidney function. The kidneys are
essential for maintaining the balance of these electrolytes,
which is crucial for controlling uid levels, blood pressure, and
the proper functioning of nerves and muscles.79 Evaluating
renal function is therefore key to understanding kidney
Fig. 8 Photomicrographs of the liver (a) and kidney (b) of a Wistar rat st

436 | RSC Sustainability, 2025, 3, 427–439
health.80 In the present study, no signicant changes were
observed in sodium, potassium, creatinine, urea and uric acid
levels in animals that received VFe2O4@monoZIF-8 when
compared to the control group. A previous study has shown that
nanoparticles made of yttrium vanadate doped with euro-
pium(III) can reduce toxicity in mouse melanomamodels, which
was also accompanied by decreases in serum creatinine and
urea levels.81 Interestingly, VFe2O4@monoZIF-8 exhibited no
signicant changes in the plasma creatine, urea and uric acid
levels of rats studied, suggesting healthy function of the studied
kidneys. Furthermore, there was no signicant effect on plasma
electrolytes, sodium and potassium levels.

The body is capable of storing triglycerides as a source of
energy. However, when triglyceride levels are high, particularly
when combined with low high-density lipoprotein (HDL) or
ained with periodic acid–Schiff (X400).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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high low-density lipoprotein (LDL), the risk of health issues like
heart attack increases.82 Human occupational exposure to
vanadium was reported to improve lipid prole atherogenic
indices in a previous study.83 Corroborating this effect, VFe2-
O4@monoZIF-8 elicited no signicant changes in plasma
cholesterol, HDL and triglyceride levels.

Periodic Acid–Schiff (PAS) is a routine stain in brain, cornea,
kidney, liver, and skeletal muscle tissues. Photomicrographs of
the liver stained with periodic acid–Schiff (X400) digested with
diastase showed positive globules across all groups, which is
indicative of alpha-1 antitrypsin within hepatocytes (Fig. 8).
Similarly, the photomicrograph of the kidney stained with
periodic acid–Schiff (X400) did not reveal any morphological
alterations in the glomeruli of groups A and B. However, group
C showed mild positive reactivity indicative of tubulitis. The
result revealed protein casts in the renal morphology of test rats
exposed to the high dose of VFe2O4@monoZIF-8 (2 mg per kg
body weight). Similar alterations in renal histoarchitecture have
also been observed in rats treated with urea modied cobalt
ferrite nanoparticles.34
4. Conclusion

The development of efficient water treatment techniques is
hampered by the emergency of pollutants like antibiotics,
which were not envisaged to occur in water when the current
water treatment techniques were developed. This study
synthesized VFe2O4@monoZIF-8 to serve as an efficient photo-
catalyst for decontaminating CP, AP and EY contaminated
water. VFe2O4@monoZIF-8 was characterized by FTIR, XRD, UV-
visible, EDX, SEM, TEM and TGA. XRD revealed that the crys-
tallite size is 34.32 nm, while the average particle size from the
TEM image is 162.32 nm. The SEM image revealed a homoge-
neous surface composed of hexagonal and irregularly shaped
particles. EDX results conrmed C, V, O, Fe and Zn as the
constituent elements. The bandgap energy is 2.18 eV. VFe2-
O4@monoZIF-8 completely (100%) photodegraded CP, AP and EY
in water, which can be described using a pseudo-1st-order
model with rate constants CP (0.0364 min−1) > AP
(0.0168 min−1) > EY (0.0116 min−1). The photocatalytic degra-
dation capacity of VFe2O4@monoZIF-8 compared favorably with
previous studies achieving a regeneration capacity >95%, which
suggests that VFe2O4@monoZIF-8 is a promising photocatalyst
for the removal of antibiotics from water. Toxicological assess-
ment provides the basis for more in-depth studies on the
molecular mechanisms underpinning the protective effects of
VFe2O4@monoZIF-8, paving the way for its industrial
commercialization.
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60 A. C. B. Queiróz, A. P. Santos, T. S. Queiroz, A. E. Lima,
R. M. P. da Silva, R. A. Antunes, G. E. Luz Jr,
A. G. D. Santos and V. P. Caldeira, Water, Air, Soil Pollut.,
2023, 234, 415.

61 W. D. Santos, M. M. Teixeira, I. R. Campos, R. B. de Lima,
A. Mantilla, J. A. Osajima, A. S. de Menezes, D. Manzani,
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