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1. Introduction

Comprehensive analysis of NiFe,O4/MWCNTSs
nanocomposite to degrade a healthcare
waste — tetracyclinef

Davis Varghese,®® M. Joe Raja Ruban,?® P. Joselene Suzan Jennifer,?®
D. AnnieCanisius,®® Seena Chakko,® S. Muthupandi,? J. Madhavan? and M. Victor
Antony Raj® *ab

Tetracycline (TC), a commonly used antibiotic for studying bacterial illnesses in living organisms, poses
a significant risk to the aquatic environment. Despite various conventional methods having been attempted
to remove TC antibiotics from water solutions, they have not proven effective. Consequently, the focus of
the research is on the photocatalytic degradation of TC. According to the research, MWCNTs were
successfully incorporated into NiFe,O, nanoparticles, which reduced the pace at which charge carriers
recombined after joining with MWCNTSs. Subsequently, the catalyst's efficacy was assessed in a batch reactor
by analyzing the weight percentage change of the nanocomposite, the initial concentration of TC antibiotics,
the effects of pH and contact time. The identical operational parameters were employed to investigate the
degradation of TC using NiFe,O, and MWCNTSs as individual pure materials. The findings indicated that the
photocatalytic process using NiFe,O4/MWCNTs achieved a degradation efficiency of 95.8% for TC at a pH
value of 9. This result was obtained after a reaction time of 120 minutes, the concentration of TC solution
was 10 mg L™, with a nanocomposite dose of 0.6 g L™ of TN 04 and 120 W m~2. The pseudo-first-order
approach was used to estimate the rate at which TC degrades. After four consecutive uses, it was observed
that the photocatalysts maintained their original properties, with only a slight decrease of approximately 2.4%
in the removal efficiency. The study demonstrated that the NiFe,O4/MWCNTs nanocomposite exhibited
considerable efficiency in degrading TC. Due to its simple manufacture and useful recovery, it has the
potential to function well as a catalyst for the removal and degradation of pharmaceutical organic contaminants.

Therefore, it is necessary to create effective methods to eliminate
TC from the surrounding atmosphere.

Antibiotics are commonly used for the treatment of various
diseases." However, their widespread use has led to the accu-
mulation of antibiotic residues in the environment, which can
harm human and animal health.>® Antibiotics and anti-
inflammatory medications are made in large quantities and are
used frequently to treat bacterial infections, fever and pain.'
Tetracycline (TC) is a broad-spectrum antibiotic commonly used
in human and veterinary medicine.>* TC residues are found in
various environmental matrices, including soil, water, and
sediment, and their enduring presence in the environment can
have detrimental effects on human and animal health.?
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Photocatalysis is a potential method for removing TC and
other organic contaminants from the environment.® Utilizing
a photocatalyst to break down organic molecules while being
exposed to light is known as photocatalysis.”® Based on the
formation of electron-hole pairs in the photocatalyst under the
action of light,® the photocatalytic process can break down
organic compounds by creating reactive species like hydroxyl
radicals.”® Various photocatalysts have been studied for the
degradation of organic compounds, including metal oxides,
metal sulfides and carbon-based materials such as multi-walled
carbon nanotubes (MWCNTs). These photocatalysts can
degrade organic molecules when exposed to visible light, but
they are constrained by their broad bandgap and low quantum
efficiency.®® Therefore, creating materials with outstanding
photocatalytic efficiency and a robust sensitivity to visible light is
crucial for breaking down organic contaminants in water."*

In recent years, extensive research has been dedicated to
harnessing the potential of MWCNTs and ferrite nanoparticles
as efficient photocatalysts for advanced oxidation processes,
particularly in the degradation of emerging contaminants.
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These materials have gained prominence due to their remark-
able photocatalytic activity, cost-effectiveness, chemical
stability and environmentally friendly characteristics.
MWCNTs, with their unique tubular and sheet-like structures,
play a pivotal role in preventing charge carrier recombination
on the photocatalyst's surface, thus enhancing their overall
efficacy.’® Their large specific surface area, layered hollow
architecture and electron-rich surface make them effective
adsorbents, while their excellent electrical conductivity and
electron storage capacity make them proficient electron transfer
agents, further augmenting their utility in photocatalysis.**"”
Additionally, MWCNTs facilitate efficient electron transfer from
metal oxides or semiconductor nanoparticles to their surface,
bolstering their role in advanced photocatalytic processes."**

Spinel ferrites, denoted by the chemical formula MFe,O,,
possess a crystal structure featuring both tetrahedral (A) and
octahedral (B) interstitial sites, allowing for the incorporation of
various cations, including divalent metal ions (M), resulting in
a wide range of ferrite properties.”> Substituting M with
different divalent metal ions leads to the creation of diverse
spinel ferrite types. Additionally, trivalent ions like Al**, Cr*",
and Ga*", as well as divalent and tetravalent ions, can replace
Fe®" ions within the structure.’>® Spinel ferrites, such as Fe;0y,,
CoFe,0,, CuFe,0,, MnFe,0,, NiFe,0,, and ZnFe,0, and their
composites, have proven valuable in photocatalysis, serving as
efficient charge carrier trappers when combined with
MWCNTSs."?* These materials offer advantages like reduced
energy band gaps, higher surface area-to-volume ratios, ease of
separation, reusability, cost-effectiveness and non-toxicity,
making them promising components for advancing and
improving the efficiency of photocatalytic processes.*

Nickel ferrite (NiFe,O,) is a p-type inverse spinel semi-
conductor in the group of metal ferrites and is known for its
adaptability in a variety of electronic nanodevices, catalytic
applications and sensors.”> Recent research on the photo-
catalytic degradation of various dyes and antibiotics utilizing
NiFe,0, nanoparticles and their composites under various light
irradiation sources was published.”® According to the study's
findings, the efficacy of photocatalytic degradation was affected
by several variables, including the size of NiFe,O, nano-
particles, the starting concentration of TC, pH, and light
intensity. Another work, better sunlight-driven photocatalytic
abatement of TC and photo electrocatalytic water oxidation by
tin oxide quantum dots anchored on NiFe,0, nanoplates was
published.* A narrow bandgap in the spinel ferrite NiFe,O,
makes it a potent photocatalyst for breaking organic molecules
when exposed to visible light.>*** Additionally, by supplying
a sizable surface area for the deposition of NiFe,O, nano-
particles and making the separation and transfer of electron-
hole pairs easier, MWCNTSs may be used as a support material to
improve the photocatalytic activity of NiFe,0,.>*?¢

Therefore, this study examined the degradation of TC under
visible light using a NiFe,O,/MWCNTs nanocomposite as
a photocatalyst. We created the NiFe,O,/MWCNTs nano-
composite hydrothermally. For monitoring the breakdown of
TC under visible light, we assessed the photocatalytic activity of
the nanocomposite and investigated their impact of different
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factors such as catalyst ratios, initial TC concentration and pH
on degradation efficiency. The findings of this study have
significant effects on the creation of practical techniques for TC
removal from the environment. The abundance of light-acting
sites in this composite material has the advantage of
enhancing antibiotics' photocatalytic activity. According to our
research, photocatalytic activity can be significantly increased
by the unique ability of ferrite and nanotube structures to
absorb light and prevent the recombination of electron and
hole pairs. This substance is, therefore, widely employed to
remove contaminants from water.

2. Experimental section
2.1 Materials

MWCNTs with diameter 10-30 nm and >91% purity were used
for this investigation. Sodium hydroxide (NaOH), iron(m) nitrate
nonahydrate (Fe (NOs); 9H,0, purity 98%), and nickel nitrate
hexahydrate (Ni (NO3), 6H,0, purity 98%) were used without
further processing. TC hydrochloride with a purity level of over
95% was provided by the Indian firm Che-O-Chem Scientific
Company and its chemical properties are shown in Table 1.

2.2 Synthesis of NiFe,0, nanoparticles

A hydrothermal process was used to produce pure-phase NiFe,0,.
All the experiment's chemicals were of the highest analytical
grade. We began the process to produce the NiFe,O, nano-
particles with 0.1 mol of Ni (NOs),-6H,0 and 0.2 mol of Fe
(NO3);3-9H,0. During the synthetic process, we added these raw
components to 100 mL of deionized water and stirred the mixture
constantly for 30 minutes.’>” The mixture was continuously
stirred as a constant flow of 2 M NaOH solution was introduced
until the pH level reached 12.?® The resultant suspension was put
into an autoclave made of Teflon-coated stainless steel. For 12
hours, the autoclave was sealed and kept at 180 °C.** The resul-
tant product was carefully rinsed multiple times with distilled
water and ethanol before being subjected to a 12 hours drying
process at 80 °C.?* The nanocomposites of NiFe,0, and MWCNTs
were made using the NiFe,O, nanoparticles obtained in this step.

2.3 Synthesis of NiFe,0, blended MWCNTs nanocomposites

First, NiFe,0, nanoparticles (0.04 g) were dissolved in pure water
(30 mL minimum). MWCNTs weighing 0.04 g were added to the
solution and sonicated for one hour. The slurry was vigorously
stirred for 4 hours' before being placed into a 50 mL Teflon-
lined stainless autoclave. The autoclave was sealed and main-
tained at 180 °C for 12 hours. Following filtration, the product
was washed three times in distilled water and dried for 24 hours
at 60 °C. We obtain a nanocomposite of NiFe,0, and MWCNTs.
NiFe,0, nanoparticles were hydrothermally synthesized in
situ in the alkaline medium, where Fe*" and Ni** in the solution
were self-absorbed on the MWCNTSs surface, as follows:?*3*

Ni(NO;), + 2Fe(NO;); + 8NaOH —
NiF€204 + 8NaNO3 + 4H20

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 TC hydrochloride's chemical composition
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Molecular weight Solubility

Molecule Formula (g mol™) (mol L) pKa1 pKas PKas
TC C,,H,4N,04-HCL 480.9 0.041 3.2 7.78 9.6
2.4 Material characterization W—— Power Supply
An X-ray diffraction (XRD) analysis was conducted using
a Rigaku Miniflex instrument, operated at 40 kV and 30 mA and ki

4. . e . utie
employed CuKa radiation with a wavelength of 1.54 A. This
analysis covered a 26 range of 10-90°, aimed at determining the Catalyst + Visible Light

sample's phase purity and crystalline characteristics. For the
investigation of the synthesized photocatalyst, scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM) analyses were performed using ZEISS 18-15 and 30 kv
JOEL JEM 2100 instruments, respectively. These techniques
were employed to examine the material's surface morphology
and internal structure. To explore the sample's optical proper-
ties, a PerkinElmer Lambda 950 UV-visible absorption spec-
trophotometer was utilized, operating within the wavelength
range of 200-800 nm. For the identification of functional
groups present in the catalytic materials, Fourier-transform
infrared (FTIR) spectra were collected over the 4000-400 cm ™"
region using a PerkinElmer Paragon 1000 PC analyzer. Raman
bands were recorded using a Renishaw Raman microscope with
a 532 nm excitation laser. Lastly, to assess N, adsorption at
a temperature of liquid nitrogen (77 K), a surface analyzer (ASAP
2020 PLUSE HD 88, USA) was employed.

2.5 Evaluation of photocatalytic activity

To ascertain how the sphere-like NiFe,O, nanorod-MWCNTs of
the synthesized catalysts degraded under visible light irradia-
tion at room temperature and atmospheric pressure, TC in an
aqueous solution (50 mg L) was photodegraded. The
adsorption procedure was carried out in batches and stored in
a dark area. Typically, 50 mL of the aqueous solution was mixed
after 30 mg of the photocatalyst was introduced to remove any
remaining catalyst. The experimental setup was put in a dark
area and stirred magnetically for 30 min before radiation
exposure to achieve adsorption-desorption equilibrium. The
photocatalytic reaction was aided by a visible light source of
120 W m~? in 120 min. The source and photoreaction sample
were separated by 20 cm, and 5 mL (or about 5 mL) of the
sample was taken every 15 minutes using a syringe. Following
centrifugation of the combined solutions, a UV-vis spectro-
photometer (PerkinElmer, Lambda 35) was used to examine the
supernatant of the TC antibiotic solution. After the samples
were collected at regular intervals, the residual TC content was
calculated at a maximum adsorption wavelength of 354 nm.
TC elimination was calculated using eqn (1) **

Removal (%) = (Co/C)/Cy x 100 (1)

where C, and C; are the concentration of TC before and after the
photocatalytic reaction respectively. The kinetics of the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the photocatalytic reactor.

were evaluated in different forms with respect to zero, first, and
second-order reactions. The slope of the graphical depiction
was used to compute the reaction’s rate constant.** Fig. 1 shows
the schematic diagram of the photocatalytic reactor.

3. Results and discussions
3.1 XRD analysis

X-ray diffraction analysis is extremely important for determining
the phases and structure of a substance.* In Fig. 2, the crystal
structures of NiFe,O,, MWCNTSs and a mixture made of NiFe,O,
and MWCNTs in various ratios—TN 0.5 (1:0.5), TN 01 (1:1), TN

—
3
®
A 4
b (220 1
m 111)  (002) (400
g (111) (200), }(222) (400) (331)(422(511) (440) TN 0.5
0 (311)
t (220) .
- 1) (2‘{3) (222) (400) (331)(‘_“22)x511)$‘:)) NiFe,0,
L A
o (002)
(100 MWCNTs

10 20 30 40 50 60 70 80 20
20 (degree)

Fig.2 XRD spectra of NiFe,O4, MWCNTSs, and NiFe,O4/MWCNTSs with
various NiFe,O4 nanoparticle ratios.
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02 (1:2), TN 03 (1:3),and TN 04 (1 : 4)—are depicted. Diffraction
peaks corresponding to crystal planes may be seen in the X-ray
diffraction patterns of NiFe,O, combined with MWCNTs. These
peaks are found at 26 values of 18.42°, 25.93°, 30.30°, 33.15°,
35.69°, 37.34°, 43.38°, 43.46°, 47.51°, 53.83°, 57.39° and 63.03°,
which correspond to planes (111), (002), (200), (220), (311), (222),
(400), (100), (331), (422), (511) and (440) respectively.* The
diffraction peaks of NiFe,O,/MWCNTs (JCPDS Card No 01-088-
0380) are consistent with those of pure spinel-type NiFe,O,,
indicating a cubic crystal structure in the samples. The XRD data
also shows a characteristic MWCNTs diffraction peak (002) in the
NiFe,0,/MWCNTs XRD pattern. Based on the largest peak (311)
and the Scherrer formula, the average crystallite size of the
particles was calculated to be 32 nm.*® The XRD patterns of

View Article Online
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NiFe,O,-related diffraction peaks and MWCNTs-related peaks in
the composite of NiFe,O, and MWCNTSs are similar, indicating
a nanocomposite material is formed. A tiny diffraction peak
between the (200) and (311) planes can also be seen. This peak is
thought to be associated with the Fe,O; phase, indicating that the
NiFe,O,/MWCNTs nanocomposites contain a tiny amount of
Fe,O; impurities.* The phase purity of the material is good, as no
discernible diffraction peaks of individual or combined Ni- and
Fe-containing compounds are observed. The (002) peak intensity
decreases with increasing nickel ferrite weight ratio, indicating
that atoms in nickel ferrites move to the MWCNTS sites and cover
their surface. These findings suggest that the composite of
MWCNTs and NiFe,O, can be used in photocatalysis in different
ratios.

Fig. 3
nanocomposites.

28342 | RSC Adv, 2023, 13, 28339-28361

(a) and (b) are SEM images of NiFe,O, and MWCNTs, and (c)-(g) show SEM images of TN 0.5, TN 01, TN 02, TN 03, and TN 04

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scherrer equation can be written as

K
" B cosh

(2)

where K = Shape factor without dimensions that is nearly equal
to one. A = X-ray wavelength. § = FWHM (full width half
maximum) value in radians. § = Bragg angle

3.2 SEM, TEM & EDX analysis

SEM images of MWCNTs, NiFe,O, and a NiFe,O/MWCNTSs
nanocomposite are shown in Fig. 3. SEM images of NiFe,O,
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and MWCNTs nanoparticles alone are shown in Fig. 3a and b,
whereas images of NiFe,O,/MWCNTs at different NiFe,O,
nanoparticle weight ratios are shown in Fig. 3c through Fig. 3g.
On the surface of the MWCNTs, NiFe,O, nanoparticles are
distributed in a manner that is visible in the images. Nickel
ferrite nanoparticles migrate, creating a nanocomposite in the
regions where MWCNTs are present. The process includes
electrostatically attaching NiFe,O, to the surface of MWCNTs,
which results in the formation of spherical nanoparticles. The
surface oxygen-containing groups on MWCNTs may also be
reduced due to this reaction, enhancing the chemical
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Fig. 4 (a)—(g) depict EDX micrographs of pure NiFe,O4, MWCNTSs and

© 2023 The Author(s). Published by the Royal Society of Chemistry

associated TN 0.5, TN 01, TN 02, TN 03 and TN 04 nanocomposites.
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interaction between NiFe,O, and MWCNTSs. The photographs
show that the NiFe,O, particles have an irregular size distri-
bution ranging from 30 to 500 nm and a spherical shape.
Furthermore, Fig. 3 demonstrates the NiFe,O, microspheres’
intertwining with the MWCNTSs, which can serve as bridges to
join nearby MWCNTs. This demonstrates the success of our
synthesis strategy by demonstrating that the MWCNTs are
entirely coated with nanocrystals.

Fig. 4 illustrates the EDX technique used to determine the
elemental composition of MWCNTs and NiFe,O, in NiFe,O,/
MWCNTSs. The EDX results establish the coexistence of Fe, Ni,
O, and C in the sample, with their amounts matching the molar
ratio of the composite. Fig. 2 shows that the distribution of
MWCNTs is uniform and the corresponding results for different
areas exist in Fig. 4. Both NiFe,O, and MWCNTs can be
observed in the synthesized composite nanostructure in the
EDX spectrum. The atomic % of Ni, Fe, O and C in NiFe,0,
nanoparticles and NiFe,0,/MWCNTSs (TN 04) are presented in
the EDX spectrum, with values of 14.62, 37.59 and 47.79 for Ni,
Fe and O, respectively, in NiFe,O, nanoparticles and 3.85, 7.36,
22.68 and 61.11 for Ni, Fe, O and C, in NiFe,0,/MWCNTs (TN

Fig. 5
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04). Inside tables displaying the quantitative elemental data for
each composition are also provided. The HR-TEM of NiFe,O,-
and NiFe,O,/MWCNTs revealed a rough microsphere-like
morphology. Most of the ferrite nanoparticles were adhered to
the MWCNTs' surface and agglomerated with a uniform
distribution. HR-TEM images of NiFe,O, show a crystalline
structure with distinct lattice fringes and an average particle
size of 26 nm with a diameter of 37 nm. According to TEM
pictures, the nickel ferrite nanoparticles were uniformly
distributed all around the multi-walled carbon nanotube, the
majority of the NiFe,O, nanoparticles were seen to be drawn to
the surface of the MWCNTs (Fig. 5).

3.3 UV-visible analysis

The investigation centered on synthesizing and characterizing
NiFe,0, and NiFe,0,/MWCNTs nanoparticles using a UV-vis
spectrophotometer to analyze their optical properties. As
shown in Fig. 6a, the UV-vis spectra for the nanoparticles
prepared at 180 °C showed a peak with maximum absorption
between 200 and 300 nm. Spinel ferrite's capacity to excite

0.43 nm

(a) and (b) show TEM images of bare NiFe,O4 and MWCNTSs (c)—(g) are TN 0.5, TN 01, TN 02, TN 03 and TN 04 nano-composites and

(h)—(j) are HR-TEM images of MWCNTs, NiFe,O,4 and TN 04 nano-composites respectively.

28344 | RSC Adv, 2023, 13, 28339-28361
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Fig. 6 Depicts the UV-visible spectrum along with an inset showing the Tauc plot of (a) NiFe,O4 and (b) NiFe,O4/MWCNTSs nanoparticles.

electrons from the valence band (O-2p level) to the conduction
band (Fe-3d level) is thought to be the reason for its ability to
absorb visible light.*® The Tauc-plot equation ahv = A(hv — Ey)",
where £ stands for Planck's constant, « stands for the absorp-
tion coefficient, » stands for the photon frequency, A is
a constant value that depends on the transition probability, E,
stands for the optical energy band gap and » is set to 2, indi-
cating a direct bandgap semiconductor material, was used to
determine the optical band gap energy.*” A linear regression line
was projected onto the plot's X-axis to determine the bandgap
value. According to Fig. 6a and b, the computed optical energy
band gaps for NiFe,O, and NiFe,0,/MWCNTSs nanoparticles
were 2.72 eV and 2.32 eV respectively. These findings point to
the small bandgap of these nanoparticles, highlighting their
potential as effective catalysts for light-related applications.

3.4 FTIR analysis

The FT-IR spectra of each sample were collected to analyze the
structural development of the ferrite multi-component system.*®
The FT-IR spectra of NiFe,O,-decorated MWCNTs are presented
in Fig. 7, confirming a spinel structure with cationic distribution.
The distinctive absorption bands in the spectra appear at
3848.67 cm ', 3688 cm™ ' and 3399 cm ™', respectively, and they
are caused by the stretching vibration of the hydroxyl functional
group (O-H) on the surface of the MWCNTs. Peaks of 2882 cm ™",
2824 cm ™" and 2326 cm ' in the composite material were found
to have C-H stretching vibrations. The carbonyl group's (C=0)
stretching vibration was seen at 1623 cm ™, while the carboxylate
group's (C=0) stretching vibration was observed at 1496 cm™".
The stretching vibration of the C=C group was at 1622 cm ’,
while the characteristic stretching vibration of the C-C-C group
was at 1135 cm™'.>* Two lattice vibration bands involving oxygen
and metal ion complexes were also discovered in the FT-IR spectra
and were present in all samples. The band represented the octa-
hedral (B) site metal complex's vibrational mode at 418 cm ™" and
the tetrahedral site (A) metal complexes at 476 cm ™. All ferrite
samples have these peaks caused by the metal-oxygen (Fe*"-0*")
bond's stretching vibrations.* These lattice arrangements sup-
ported the development of a spinel structure and agreed with the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Shows the FT-IR spectra of pure NiFe,O4, MWCNTs, and
NiFe,O4/MWCNTs composites.

findings provided by Waldron et al.** The variations in peak
intensities at various doses of nanocomposite are shown in Fig. 7,
demonstrating the existence of mixed NiFe,O, materials in
various proportions at the MWCNTS sites.

3.5 Raman analysis

In carbon-based materials, the degree of graphitization can be
determined using Raman spectroscopy.** Fig. 8 displays the
Raman spectroscopy results for the NiFe,O,/MWCNTSs nano-
composites, as well as for MWCNTs and pure NiFe,O,. Five
Raman active modes in a spinel structure with the Fd3m space
group have been found in ferrites: A;y + Ey + 3T,,.* The Ay
mode is produced by the symmetric stretching of oxygen atoms
along Fe-O (and Ni-O) bonds at the tetrahedral sites. The Eq
mode is created by the symmetric bending of the oxygen atom
in relation to the metal ion. The T,.(2) and T,4(3) modes,
respectively, describe the vibrations of the octahedral group.*
While the asymmetric stretching of Fe/Ni-O causes the Tp,(2)
mode, the asymmetric bending of oxygen and Fe/Ni-O causes
the T,y(3) mode. The T,(1) mode is connected to the
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Fig. 8 Shows Raman spectra for NiFe,O4, MWCNTs and NiFe,O4/
MWCNTs nano-composites with various weight ratios of NiFe,O4
nanoparticles.

translational movement of the tetrahedron, which consists of
a metal ion and four oxygen atoms at the tetrahedral site.

Tetrahedral sites in ferrites are represented by Raman modes
in the range of 660 to 720 cm ™', whereas octahedral sites are
represented by modes in the 460 to 640 cm™ ' range. Due to non-
equivalent atoms at octahedral B-sites, materials like NiFe,Oy,,
which have inverse or partially inverse spinel structures,
contain extra Raman modes.*! Fe or Ni ions have differing ionic
radii and can occupy the octahedral positions in NiFe,0,. Due
to this difference in ionic radii, two peaks appear, one repre-
senting the unit cell where Ni ions occupy the octahedral site
and the other representing the unit cell when Ni ions occupy the
octahedral and tetrahedral sites. Therefore, the mixed spinel
structure may be the reason for the doublet-like behavior for all
Raman modes in the lower wavenumber range. This study used
Raman spectroscopy to examine the interaction between
dispersed nanoparticles and MWCNTs in a NiFe,O,/MWCNTSs
nanocomposite. Recent studies have shown that Raman spec-
troscopy is a highly effective method for examining such
interactions.

The peak at 1204 cm ™" is due to the activation of the D band
in MWCNTSs, which happens during the first-order sp> carbon
scattering process. The G band of carbon nanotubes is visible in
Fig. 8 at 1592 cm ™', and the G or D* bands, which are the
second-order overtone of the D band, are reflected in peaks at
2604 cm ™' and 2342 cm™". Although the D and D* bands of
nanotubes and other sp® carbons have certain similarities,
nanotubes' D and D* bands stand out for various reasons.

Fig. 8 shows how the D, G, and 2D bands, which correspond
to the first-order vibration of the sp® bond, in-plane vibration of
the sp” bond and the second-order vibration of the sp® bond,
respectively, correlate to the Raman scattering peaks situated at
roughly 1304, 1594, and 2610 cm ™ '.*? I/l is a commonly used
metric for measuring the level of disorder and is defined as the
ratio of the intensity (D and G bands). The results demonstrate
that Ip/I; increases from 1.01 (TN 0.5) to 1.06 (TN 04) and that
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Ip/I values for TN 0.5 to TN 04 are less than those for MWCNTSs
(1.09). This implies that I/l increases with the addition of
NiFe,0,. Additionally, the low wavenumber region (100 to
800 cm ') is where the Raman scattering peaks appear,
consistent with earlier research on NiFe,O, particles.” As the
additional levels of NiFe,O, in the hybrid composites increase,
the intensity of the NiFe,O, Raman peaks becomes stronger.*
The lower Ip/lg value of the NiFe,O,/MWCNTs composite
compared to pure MWCNTs indicated that the level of crystal-
lization in the composite was higher than in the bare MWCNTs.
The NiFe,O, nanoparticles' adhesion to the MWCNTSs' surface
flaws may have caused this discrepancy.

3.6 BET analysis

BET analysis is the prevalent method used for determining the
accurate surface area and distribution of pores.** In the case of
composite materials, the specific surface area and pore size
distribution are determined based on N, adsorption-desorp-
tion. With the aid of the BET technique, the exact surface area
can be evaluated, while the BJH approach is utilized to deter-
mine the pore size distribution curve. The maximum value of
the pore size distribution curve corresponds to the pore size.
Fig. 9a-c depict the NiFe,O, nanoparticles, MWCNTs and
NiFe,O,/MWCNTs nanocomposite, respectively, with their
specific surface area and pore size distribution. The isotherms
for NiFe,O, and NiFe,O,/MWCNTs composite exhibit type IV
and are accompanied by type H1 hysteresis loops, which
suggest that the resulting samples are mesoporous materials.*®
The BET equation was employed to calculate the specific surface
area of pure NiFe,0,, MWCNTs and NiFe,0,/MWCNTSs, which
were found to be 45.54 m® g7, 289.63 m®> g~ " and 68.52 m* g,
respectively. This indicates that the synthesized NiFe,O,/
MWCNTs had a higher surface area. According to the BJH
model, the pore volume measurements for NiFe,O, were 0.12 cc
g ' and 0.29 cc g ' for bare NiFe,0, and NiFe,0,/MWCNTs,
respectively, with NiFe,0,/MWCNTs having a greater pore
volume. A composite material with a large surface area and pore
volume can offer more active sites and active regions, making it
an ideal material for photocatalytic degradation application.

3.7 Photocatalytic degradation of TC

3.7.1 TC degradation using MWCNTs and NiFe,0, nano-
particles. The photocatalytic degradation process involves the
use of light energy to activate the photocatalyst, which then
produces highly reactive species such as hydroxyl radicals
(OH’) and superoxide radicals (O, ™).*” These reactive species
attack the TC molecule and break it down into simpler and less
toxic compounds. Carbon nanotubes (CNTs) are rolls of
graphite with cylindrical shapes that have lengths of up to
a few millimeters and diameters that are believed to be close to
one-dimensional.*® Because of the delocalization of the pi-
bond electrons, CNTs transmit electricity depending on their
shape and structure. However, studies have demonstrated that
CNTs are practical adsorbents because of their sizable specific
surface area, hollow and layered structures and pi-bond elec-
trons on the surface.”” Due to their high electrical conductivity

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a)—(c) show the nitrogen absorption-desorption (BET) isotherms of NiFe,O4, MWCNTSs, and NiFe,O4/MWCNTSs (TN 04) respectively and

the BJH pore diameter analysis of nanocomposites are shown inside the graph.

and significant capacity for electron storage, nanotubes can
serve as an efficient electron transfer device.”* Due to their
lower Fermi level and greater ability to collect electrons,
nanotubes can transfer electrons from the conduction band of
metal oxide or semiconductor nanoparticles to the nanotube
surface. A Schottky barrier appears where the CNTs and
semiconductors come into touch.*” Due to the photo-generated
electrons' ability to flow freely toward the CNTs' surface, the
remaining holes might transition to the valence band. The
strong interaction and close contact between the nanoparticles
and the nanotube surface improve the transmission stability of
the electron between the nanotubes and the conduction
band.?® Because of their distinctive qualities, including large
surface area, chemical stability and substantial absorption in
the visible spectrum, CNT nanoparticles have demonstrated

© 2023 The Author(s). Published by the Royal Society of Chemistry

remarkable potential as photocatalysts for the breakdown
of TC.>

The degradation of TC antibiotics using MWCNTSs involves
several steps. First, the MWCNTs are activated by exposure to
light. This excites electrons in the MWCNTSs, creating electron—
hole pairs. Then, these electrons and holes may take part in
chemical processes at random. The antibiotic TC molecules are
then adsorbed onto the MWCNTSs' surface. Reactive oxygen
species (ROS), including hydroxyl radicals and superoxide ions,
develop when the electron-hole pairs in the MWCNTSs interact
with the TC antibiotic molecules. These ROS are highly reactive
and can attack the TC antibiotic molecules, breaking them into
smaller, less harmful compounds. The degradation products of
TC, such as carbon dioxide, water and other organic
compounds, are generally harmless to the environment.
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and NiFe,O4 catalysts with different irradiation times.

According to the degradation graph in Fig. 10, using
MWCNTSs resulted in an increase in TC elimination of 86% at
the optimal conditions of concentration (TC) of 0.05 g L™,
nanocomposite of 0.6 g L™ (dosage), pH value of 4 over
120 min, and visible light irradiation of 120 W m~>. One of the
most important factors is that MWCNTs have more active sites
and a greater specific surface area. Consequently, there was
a sizable TC molecule adsorption on the surfaces of MWCNTSs.
MWCNTs, which prohibit charge separation and thereby
restrict electron-hole recombination, are another important
factor in significant degradation. It also has a large capacity
for holding electrons, a high metallic conductivity and a band
gap energy of about 1.1 eV, enabling a high rate of
degradation.

NiFe,O, nanoparticles are a type of magnetic nanoparticle that
has been studied for various applications, including catalysis.>
These nanoparticles’ unique optical and magnetic properties
make them attractive for photocatalytic applications. The
magnetic properties of NiFe,O, nanoparticles can ease the sepa-
ration of the nanoparticles from the reaction, which is important
for the practical application of the catalyst.>® The optical proper-
ties of NiFe,O, nanoparticles, including their ability to absorb
light in the visible and near-infrared regions, make them effective
photocatalysts.* Several studies have investigated the photo-
catalytic degradation of TC using NiFe,O, nanoparticles.

For example, a study by Hassanzadeh et al. (2021) investi-
gated the degradation of TC using NiFe,O, nanoparticles under
visible light irradiation. The study found that the photocatalytic
degradation of TC was efficient using NiFe,O, nanoparticles.*
The study also found that the initial concentration of TC
influenced the degradation efficiency, the amount of catalyst
used, and the pH of the solution. Another study by Hezam et al.
(2020) investigated the degradation of TC using NiFe,0, nano-
particles under sunlight irradiation. The study found that the
photocatalytic degradation of Methylene blue (M.B) was effi-
cient using NiFe,O, nanoparticles and the degradation effi-
ciency was influenced by the initial concentration of TC and the
amount of catalyst used.*® The study also found that the
NiFe,0, nanoparticles remained stable after multiple use
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(a) and (b) show the changes in UV-visible absorption spectra of TC antibiotics using visible light irradiation in the presence of MWCNTSs

cycles. With the use of bare NiFe,O, nanomaterial, the TC
degradation rate was 75.5% under the following conditions: TC
concentration of 0.05 g L™, nanocomposite dosage of 0.6 g L™,
pH value of 4 over 120 min and same visible light radiation of
120 Wm ™2,

The mechanism of photocatalytic degradation involves
several steps. First, the photocatalyst absorbs light and generates
electron-hole pairs. The electron-hole pairs can then react with
water or other species in the solution to generate ROS, such as
OH'. The ROS can then react with the organic compounds, such
as TG, to degrade them into smaller, less harmful compounds.>

The following reactions can represent the process:

NiFe,O4 + hv —>NiFeZOZ (excited state)

NiFe, 0, + H,0— NiFe,0, + OH'

OH" + TC — smaller, less harmful compounds

3.7.2 Kinetic study of TC antibiotics. The kinetics and
order of the reaction can be understood by comprehending the
rate law representation of zeroth, first and second-order
processes. The reaction's order about a particular reactant is
zero for a zeroth order reaction. Put another way, the rate is
unrelated to the response concentration. When a reaction is
first-order, it happens in the order of one for each specified
reactant. In other terms, the concentration of the reactant and
the rate are inversely related. When the rate equals the reactant
concentration split by the second power, the reaction is
considered to be of second order. To obtain integrated rate law
expressions, these differential rate law expressions can be
integrated with regard to time using calculus.

Rate law expressions of different orders can be expressed as
follows from eqn (3) to (5)

Rate = K{A]” — zeroth order (3)
Rate = k{A]' — first order (4)
Rate = k[A]* — second order (5)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

TC degradation of NiFe,O4 and MWCNTSs respectively.

Integrated rate law expressions should be a relationship
between concentration and time for a given reactant and it can
be expressed as follows from eqn (6) to (8)

[A] = —k + [Ag] — zerothorder (6)
In[A] = —k, + In[A(] — first order (7)
1/[A] = k¢ + 1/[Ag] — second order (8)

The integrated rate law formulas indicate that the reaction is of
zeroth order if the concentration vs.-time plot is linear. If the
natural log of the concentration vs. time is linear, the reaction is
first order; if the natural log of the concentration vs. time is not
linear, it is second order for that specific reactant. As seen here,
the natural log of concentration vs. time data for MWCNTSs and
NiFe,0, has an R? value that is very near to one. From there, we
can infer that this reaction is of first order with regard to the
specific reactant. In other words, a pseudo-first-order kinetic
model can be deduced from actual data on TC degradation by
photocatalysis by looking at correlation coefficient (R*) values.
This graph's slope is equal to the value of the —ve rate constant, or
K = —slope. Fig. 11a shows the impacts on photocatalytic TC
degradation of NiFe,0, and MWCNTs. We can determine the
slope and rate constant of the reaction from these straight-line
plots in Fig. 11b. From the figure, the reaction's constant degra-
dation rate for MWCNTs and NiFe,O, is 0.0180 min ' and
0.0121 min ™", respectively.

3.7.3 General reaction mechanism. After being exposed to
photons, a catalyst's electrons (e ) are forced to migrate from its
valence band (VB) to its conduction band (CB) or the conduc-
tion band of metal ferrite nanoparticles, leaving a charge
vacancy or holes (h") in the VB.” Some of the charges quickly
join again without successfully photo-decomposing the
contaminant. When the composite is used, the metal ferrite and
nanotube powerfully interact, bringing them close together and
forming a barrier junction. This barrier junction provides
a powerful method to lessen electron-hole recombination by
enhancing the injection of electrons into the nanotube.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Shows impacts on photocatalytic TC degradation of NiFe,O4 and MWCNTs (b) kinetics curve of the pseudo-first-order equation for

Photocatalyst(h¥) — h™ + e~

These excited e~ and positive h" can then travel to the
surface of the photocatalyst, where they can participate in
remediation reactions with other species. Positive h" are strong
oxidants that can directly or indirectly oxidize adsorbent
pollutants. In the case of direct oxidation, the h” species directly
oxidize the contaminants.>

When h' in the valence band is trapped by water and ulti-
mately produces OH'. Similarly, e is trapped by oxygen,
producing superoxide anions (O'~), which further reacts and
produces OH".*° Then, these OH" react with TC antibiotics and
produce a non-toxic and environment-friendly product.

h*+H,0 - OH + H"
e + 02 - 02._

These hydrogen ions (H") and O,"~ further react, producing
unstable specious HO,. HO, again reacts with O, and produces
hydrogen peroxide (H,0,). This H,0, is further reacted with e~
and h" produces OH'. These OH' are vital in degrading TC
antibiotics and are given by less harmful products.®*

The corresponding reactions are given below.

02._ + H+ i H02

H02 + 02 i H202 — OH-’

These are the radicals that can easily degrade the TC anti-
biotics in a water solution.

TC + (OH', HO,", O, or (h*)) — intermediates
— final products

From there, we know that e~ and h* play an important role in
photocatalytic reactions.

3.7.4 Effect of NiFe,0, to MWCNTs ratio. TC elimination
can be detected utilizing MWCNTs with various ratios of NiFe,O,
nanoparticles of 1:0.5,1:1,1:2,1:3,1:4 W% (TN 0.5, TN 01,
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TN 02, TN 03, TN 04), a nano-composite dosage of 0.6 g L', pH
value of 4, TC concentration of 0.05 ¢ L™, an illumination time
of 120 min and a continuously visible intensity of 120 W m .
More NiFe,0, nanoparticles were added to MWCNTs, increasing
the percentage of TC removed from 75% to 88%, illustrating
a steady rise in the removal rate. More NiFe,O, nanoparticles on
the surface of MWCNTSs result in a rise in the degrading effi-
ciency for several causes. To increase the percentage of photo-
catalytic degradation, ferrite nanoparticle production increases
the amount of electron and hole pairs. NiFe,O, nanoparticles are
an additional important element that will raise the surface-to-
volume ratio value. MWCNTs also facilitate efficacy degrada-
tion and provide suitable sites for the sorption of contaminants
in solution. The exceptional electron-storage capacity of
MWCNTs also enables them to accept photon-excited electrons
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Time(min)

View Article Online

Paper

in nanocomposite with ferrite nanoparticles, which reduces the
recombination rate. The NiFe,0,/MWCNTS ratio of 1:4 (TN 04)
was determined to be the ideal amount in order to reduce the
effects of adsorption and increase the photocatalytic contribu-
tion in the produced nano-composite.

Following the steps below, TC is photo-catalytically degraded
using the NiFe,0,/MWCNTs hybrid.

Step 1: NiFe,0,/MWCNTSs nanocomposite has a large surface
area and can absorb TC molecules through various interactions,
including hydrogen bonding, electrostatic interactions, and
stacking. The NiFe,O, nanoparticles are a photocatalyst for the
degradation reaction when TC molecules are brought near them
during adsorption.

Step 2: role of ROS - the NiFe,O, nanoparticles produce e~
and h" pairs when exposed to visible light. NiFe,0,'s energized
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Fig. 12

(a) Impact of varying the ratio of photocatalyst on the efficiency of photocatalytic degradation of TC (at a pH of 4 and a TC concentration

of 0.05 g L™ (b) bar diagram of TC degradation with different ratios of photocatalyst (c) UV-visible spectra of TC antibiotics with photocatalyst of

TN 04 (1:4) in the solution exhibiting the most efficient degradation.
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electrons' conduction band can produce O," when interacting
with adsorbed oxygen molecules. Meanwhile, OH" can be
produced by the valance band's gaps when they interact with
absorbed water molecules.

NiFe,04 + hvaNiFeZO:(excited state)
NiFe,0, + 0, —NiFe,0, + O,

NiFe,0, + H,0—NiFe,0, + OH" + H*

Step 3: photocatalytic degradation of TC - the generated ROS
can combine with adsorbed TC molecules and degrade the
structure of the TC into smaller molecules like 4-epitetracycline
(4-epi-TC) and anhydrotetracycline (ATC). TC is broken down
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through several processes, including hydroxylation, demethy-
lation, and deamination. When TC has fully mineralized, the
degradation products are further broken down into smaller
molecules.

TC+0O,” - TC™ +0, TC™ + 0, —
TC + O, + OH TC® + OH" — degradation products

Step 4: desorption of degradation products: after desorbing
from the NiFe,0,/MWCNTs nanocomposite surface, the
degradation products are discharged into the solution. Multiple
processes, including microbial degradation, adsorption onto
soil particles and volatilization, are used to further eliminate
the degraded products from the solution.
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Fig. 13 (a) Illustrates the influence of various TC concentrations (at pH of 4, TN 04 (0.6 g L™1) on the degradation percentage (b) presents a bar
diagram depicting the photocatalytic degradation efficiency of TC antibiotics at different solution concentrations (c) displays the UV-visible
spectra of TC antibiotics, highlighting the highest efficiency of degradation at a concentration of 0.01 g L™%.
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Fig. 12a, S1 and S2t illustrates the degradation percentages
for various nanocomposites, with TN 04 exhibiting the highest
degradation rate. Fig. 12b presents a bar graph comparing the
degradation rates, with TN 04 achieving an impressive degra-
dation rate of 88.20% and Fig. 12c displays the absorption
spectra of TC antibiotics when subjected to visible light irradi-
ation in the context of the TN 04 nanocomposite, which
demonstrates the highest degradation efficiency.

3.7.5 Effect of TC antibiotic concentration. The effective-
ness of the NiFe,0,/MWCNTs composite was examined with
different concentrations of TC (Fig. S3 and S4+). The results are
shown in Fig. 13. With the highest degradation percentage
composite (TN 04), at a particular pH of 4, 0.6 g L™" of the
nanocomposite and various process periods till the time
reached 120 min and visible light 120 W m >, the effects of the
initial TC concentration were assessed in the range of 10 to
50 mg L™ '. TC starting concentrations of 10, 20, 30, 40 and
50 mg L~ " at 120 minutes resulted in elimination efficiencies of
92.5, 91.2, 90.0, 89.0, and 88.2%, respectively. The density of
free radical generation, contact time, pH and the dosage of
nanocatalysts were all equal at all concentrations, which can be
used to explain this.

The TC interaction with free OH" was therefore more potent
at lower concentrations.® Free radicals speed up the process of
degradation of TC antibiotics. This resulted in a decrease in the
process’ effectiveness and partial completion of TC breakdown
at high concentrations. Consequently, TC will be eliminated
more quickly at lower concentrations.

Another reason is that the active sites on the nanocomposite
surface are covered by pollutant molecules at high TC concen-
trations, which prevents the oxidative radicals from being
produced and greatly slows the breakdown rate.” Additionally,
when TC concentration increases, the drug's molecules absorb
more of the radiation's beam, protecting the catalyst particles
from the radiation's journey to their surfaces.**

To be clear, the rate-limiting factor at high pollutant
concentrations is the quantity of reactive oxidizing species.
Because some catalyst particles were not triggered, the degra-
dation rate decreased considerably. The efficacy of the cipro-
floxacin (CIP) removal using magnetic nanoparticles made of
Fe;0,/MWCNTs improved when the antibiotic concentration
rose to >30 mg L™, according to the results of the experiment.*
Fig. 13a displays the percentage of TC antibiotic degradation,
revealing that the highest proportion occurs at a concentration
of 0.01 ¢ L', In Fig. 13b, a degradation rate of 92.5% is
observed at the same concentration, as illustrated in the asso-
ciated bar graph featuring different concentrations. Fig. 13c
showcases the UV-visible spectra of TC antibiotics of TN 04
nanocomposite at a concentration of 0.01 g L™ .

3.7.6 Effect of initial pH. The efficiency of the photocatalytic
degradation process depends on several factors, including the
type of photocatalyst used, the intensity of the light source and
the pH of the solution. The pH of the solution can affect the
photocatalytic degradation of antibiotics in several ways. First, it
can influence the photocatalyst's surface charge and antibiotic
molecules. The presence of protonated and deprotonated surface
sites influences the surface charge of the photocatalyst. Similarly,
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the surface charge of the antibiotic molecules also changes with
pH. Antibiotics contain acidic and basic functional groups that
can become protonated or deprotonated depending on the pH of
the solution.** Acidic functional groups become protonated at
low pH values, while basic functional groups remain unchanged.
Conversely, basic functional groups become charged at high pH
values, while acidic functional groups remain unchanged.®
These changes in surface charge affect the adsorption of anti-
biotics onto the photocatalyst surface, leading to changes in the
efficiency of the photocatalytic degradation process.

Pharmaceutical compounds exhibit different forms
depending on the pH of the solution and having different pk
values at different pH as shown in Table 1. As a result, the
interaction between NiFe,O,/MWCNTs surface, oxidative
species, and TC molecules varies with the pH of the solutions.
Additionally, the reaction kinetics are affected by pH, making it
crucial to consider its impact on the TC decomposition
process.*> The solution's pH in this study affected the TC
degradation efficiency, with the best efficiency observed in basic
conditions. This is explained by the greater TC quantum effi-
ciency at alkaline pH levels.” The amphoteric molecular
structure of TC contains a variety of ionizing functional groups,
and variations in pH cause TC to exist in three distinct forms
that each have different effects on the functional groups. At pH
2.0, the presence of TC in the form of H,TC" resulted in lower
degradation efficiency, while at pH 9.0, the degradation effi-
ciency increased significantly due to the presence of TC in the
form of H,TC .

Another reason is that the pH of the solution can also influ-
ence the solubility and stability of the antibiotic molecules.
Antibiotics are organic molecules that can undergo hydrolysis,
oxidation and other chemical reactions under certain pH
conditions.®® Therefore, the pH of the solution can affect the
stability and solubility of the antibiotics, which, in turn, affects
their photocatalytic degradation rates. Third, the solution's pH
can influence ROS formation during the photocatalytic degra-
dation process. The formation of ROS is a complex process that
involves the transfer of electrons from the photocatalyst to the
antibiotic molecule. The formation of ROS is pH-dependent and
the pH of the solution can influence the formation of different
types of ROS.* For example, at low pH values, the formation of
OH’ is favored, while at high pH values, the formation of O, ™ is
favored. The formation of different types of ROS can affect the
efficiency of the photocatalytic degradation process.

The optimal pH value for subsequent tests was chosen to be
9.0, as this was found to result in higher degradation efficiency.
This improvement in efficiency can be explained by the larger
electron density in the cyclic system of H,TC™ in the TC
molecular structure compared to H,TC".*® This increased elec-
tron density enhances the efficiency of the radical attack on TC
molecules at neutral and alkaline pHs. OH" radicals, which are
created by the reaction between the hydroxyl ion (OH ™) and the
h", are the most active oxidative species in semi-conductive
photocatalytic reactions. However, in acidic conditions, nano-
particle aggregation and accumulation greatly shrink the cata-
lyst's surface area accessible for TC adsorption, which lowers
the effectiveness of TC degradation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The OH" and h* production reactions are listed as follows:

Photocatalyst(hd) — h* + e~
H,O+h* - OH + H"
OH +h* — OH"
O,+e — 0Oy
0, + H" — HO," (pK, = 4.88)

HOZ. + HOZ. - HzOz + Oz

©)
(10)
(11)
(12)
(13)

(14)

1004 a)

Degradation Percentage(%)

Time(min)
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02.7 + Hz' - H027 + Oz (15)
H027 + H+ - H202 (16)

Based on the initial chemical equations from (9) to (15), it
has been determined that HO" generation during visible light
exposure occurs due to the interaction of H,O, OH™ and h".
When the environment is acidic, the concentration of H" ions
is much higher than that of OH™ ions, decreasing hydroxyl
radical production and reversing the second chemical reac-
tion.” This causes a reduction in the main chemical reactions
and a significant decrease in the decontamination rate.
Therefore, photocatalytic TC degradation is more effective in

b) - % removal of TC
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Fig. 14 (a) The effect of pH on the degradation of TC (concentration of TC = 0.01 g L™, ratio of photocatalyst TN 04 (0.6 g L™%), and duration of
irradiation = 120 min). (b) Bar diagram of TC degradation with different values of pH. (c) The UV-visible spectra of TC antibiotics of the solution of

pH=09.
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Fig. 15 Kinetics curve of the pseudo-first-order equation for TC
degradation at different initial concentrations.

Table 2 Pseudo-first order kinetics parameters for TC
decomposition®

Concentration Kops tiz
(mgL ™ (min™") R (min)
10 0.0209 0.9915 34.65
20 0.0199 0.9905 36.47
30 0.0175 0.9537 40.76
40 0.0169 0.9283 43.31
50 0.0153 0.9126 42.00

@ t175 = 0.693/Kops.

basic solutions than in acidic ones, consistent with previous
studies.”

The study evaluated the efficacy of NiFe,O,/MWCNTSs
composite in degrading TC solutions at different pH levels (shown
in Fig. S5 and S6t). The highest degradation percentage was
observed for composite 0.6 ¢ L™ of TN 04 at a solution concen-
tration of 0.01 g L', with a maximum degradation percentage
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Fig. 16
composite material after four cycles of degradation.
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achieved after 120 minutes of processing time and visible light
irradiation of 120 W m~>. The pH of the TC solutions varied from
2 to 9, and elimination efficiencies of 88.20%, 90.6%, 92.3%,
94.5%, and 95.8% were observed for pH levels 2, 3, 4, 8, and 9
respectively, after 120 minutes as shown in Fig. 14a. The study
concluded that alkaline conditions (pH 9) were most effective for
the photo-catalyst degradation of tetracycline, with a removal
percentage of 95.8% after 120 minutes, while acidic conditions
(pH 2) were the least effective, with a removal percentage of
88.2%. Fig. 14b shows the impact on degradation rate for TC
antibiotics with different values of pH solutions and its corre-
sponding bar diagram. The absorbance results from wavelength
spectrum analysis for various pH levels are presented in Fig. 14c.

3.7.7 Kinetic study. To determine the kinetics of photo-
catalytic degradation of the antibiotic TC, an experiment was
conducted using NiFe,0,/MWCNTs (TN 04) nanocomposite. The
experiment was performed with 0.6 g L " of nanocomposite, at
pH 4, under visible light of 120 W m~? and for various process
periods up to 120 min. The initial TC concentration was varied in
the range of 10 to 50 mg L~ ". The removal of TC was represented
by the pseudo-first-order kinetics equation, In Co/C; = k, where k
is the rate constant, C; is the concentration of TC at time ¢ (mg
L"), G, is the initial concentration (mg L") and it is the time
(min). The pseudo-first-order kinetics graphs showed in Fig. 15
that the degradation efficiency of TC followed the equation. The
calculated rate constants for different concentrations of TC
solutions were 0.0209 m™*, 0.0199 m ™, 0.0175 m ™, 0.0169 m "
and 0.0153 m™ " for 10, 20, 30, 40 and 50 mg L, respectively. As
the concentration of TC increased from 10 mg L™ to 50 mg L™,
the degradation rate constant decreased from 0.0209 m™" to
0.0153 m . At elevated concentrations, the presence of higher
amounts of intermediate products limits the availability of active
hydroxyl radicals, leading to a reduction in the constant degra-
dation rate. The pseudo-first-order kinetics was confirmed by the
high R value (almost equal to one) obtained from the graph and
from Table 2 showing the R* values for different concentrations of
TC solutions. The R* values can be seen from the table for
different concentrations of TC solutions are 0.9915, 0.9905,
0.9537, 0.9283 and 0.9126 respectively.

311
b) (” —TN04

Intensity(a.u)

20 (degree)

(a) bar diagram representing the photocatalytic degradation efficiency of TC in each cycle (b) shows the XRD pattern of the nano-
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3.7.8 Stability and recyclability analysis. Catalytic stability
is an important factor that determines a photocatalytic mate-
rial's efficiency and can significantly reduce costs in pharma-
ceutical contamination removal treatments when used for
extended periods.®* To assess the stability and reusability of the
NiFe,0,/MWCNTSs nanocomposite, a series of experiments were
conducted under the specified operational conditions (TN 04),
including a constant pH of 4, a TC concentration of 50 mg L™,
a nanocomposite dosage of 0.6 ¢ L " and a 120 min. Exposure to
120 W m~> visible light. Up to four repetitions of these trials
were conducted. The nanocomposite was used for each experi-
ment and removed from the solution to remove any residual
contaminants from the catalyst's surface. After being cleaned
with 100% ethanol and water, it was dried for six hours at 90 °C
before being used again. Fig. 16a displays the TC elimination
efficiency for each run. The initial cycle achieved a removal
efficiency of 88.2%, while the final cycle exhibited a removal
efficiency of 85.8%. The catalyst demonstrated remarkable
photocatalytic activity and satisfactory reusability, even after
four cycles, as evident from the results. From the graph, the
removal efficiency of antibiotics decreased by 2.4% in the fourth
cycle compared to the initial cycle. This decline can be attrib-
uted to the presence of intermediate compounds, which
compete with TC molecules for reaction with free radicals.
Additionally, the pores and active sites of the catalyst may
become blocked by both TC molecules and the by-products
generated. Extracting contaminants from the nanocomposite's
surface posed a challenge during recycling. These experimental
observations highlight the resilient crystal structure and
chemically stable connection between NiFe,0, and MWCNTSs.
Furthermore, no significant distinct diffraction peaks were
observed even after four repeated treatment runs in the XRD
pattern of the NiFe,0,/MWCNTs sample (Fig. 16b). This indi-
cates a highly robust crystal structure and a chemically stable
connection between NiFe,O, and MWCNTSs, which act as cata-
lyzing agents. Consequently, the NiFe,O,/MWCNTs nano-
composite exhibits remarkable potential
treatment, as it can maintain its structural and textural char-
acteristics over multiple cycles without any noticeable changes.
The recent research are listed in Table 3.

3.7.9 Mechanism of photocatalytic reaction. As scavengers
for h', 0, and OH’, respectively, ethylenediaminetetraacetic

for wastewater
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Fig. 17 The effect of scavengers (EDTA, IPA, and BQ) on the degra-
dation process.

acid (EDTA), p-benzoquinone (BQ) and isopropyl alcohol (IPA)
were used in the studies.* The addition of BQ (0.5 mmol L™ ", 40
mL), as shown in Fig. 17, had a minimal effect on the degrading
efficiency. However, the degradation efficiency was reduced by
around 50% when EDTA and IPA were added in the same
concentration and volume. Thus, it may be concluded that OH"
has a bigger impact than h* and both h* and OH" are crucial for
photocatalysis.

The correlation between the direction of migration for
charge carriers generated by light and the position of a semi-
conductor's band edges is commonly acknowledged. To calcu-
late the positions of these band edges, the following formulas
can be employed: Ecg = x — E€ — 0.5 E, represents the potential
of the CB edge and Eyg = Ecp + E, represents the potential of the
VB edge, x is the absolute electronegativity of the semi-
conductor, while E€ corresponds to the energy of free electrons
on the hydrogen scale, specifically 4.50 eV** that is the kinetic
energy of electrons 1/2mv* or p>/2 m and E, is the bandgap of
the semiconductor. The value of x is determined by calculating
the geometric mean of the absolute electronegativity of the
constituent atoms. This absolute electronegativity is obtained
by averaging the atomic electron affinity and the first ionization

Table 3 Details of the TC antibiotic’s photocatalytic degradation, as reported in other studies

Light source  Catalyst Degradation  TC concentration = Degradation Kapp

Catalyst (power) dosage (L") pH time (min) (mg L™ efficiency (%) (min~') Ref.
MWCNT/TiO, UV-light 0.2 5 300 30 83 0.0064 72
CoFe,0,4/rGO Visible light 1 2 120 10 84.7 0.0410 73
Perovskite oxide/g-C3N,  Visible light 1 N.A 90 35 81 0.0137 74
Calcite/TiO, UV-light 1.5 7 300 50 88.58 0.0224 75
WO;/CNT Visible light 0.7 9 60 60 90 0.0472 76
BiFeO; Visible light 0.2 12 120 20 87.5 0.0561 77
C-N-S tripoded TiO, Visible light 0.7 7 180 5 92 0.0202 78
CI-TiO, Visible light 1 N.A 60 15 72.32 0.0204 79
Zeolite PbS-CdS UV-light 1.5 3 500 20 88 0.00653 80
NiFe,0,/MWCNTs Visible light 0.6 9 120 10 95.8 0.0201 Present work
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energy using the arithmetic mean. Additionally, Robert Mulli-
kan, the Nobel Prize winner in Chemistry in 1966, introduced
an alternative approach for calculating electronegativity. This
method considers the first ionization energies as a factor in the
calculation. The electronegativity of an atom can be calculated
using the eqn (17) and (18);

1
2

= 5 (Ega + L) (17)

Xatom

X = [X(A)* x x(B)" x x(C)]"“"*) (18)

where a, b and ¢ are the atom concentrations in the compound,
Ega is an atom's affinity for electrons and Ejg is the energy
required to ionize an atom. Ni, O and Fe have electronegativity
values of 4.40, 7.54, and 4.06 eV, respectively. Therefore, the E,
of nickel ferrite is 2.72 eV and the geometric mean of the
absolute electronegativity of nickel ferrite (x) is 5.78 eV. As
a result, the nickel ferrite's estimated CB and VB edge locations
are 0.08 and 2.8 eV, respectively.

By examining the photocatalytic reactions presented in eqn
(19) through eqn (25), we can acquire preliminary insights into
the degradation mechanism of TC when utilizing NiFe,O,/
MWCNTs as a photocatalyst. In this context, the electrons
residing in the CB of the photocatalyst are denoted as ecg
while the VB of the photocatalyst is linked to the existence of
valence band holes hyg".

NiFCzO4 +h — NiFCzO4(eCB7 + hVB+)

(19)

(20)

0, + MWCNTs(ecg™) — Oy~
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0,"~ + MWCNTs(ecg”) + 2H" — OH™ + OH" (21)
O, + 3ecg” + 2H" — 20H™ (22)

H,O + hygt — OH" + H* (23)

OH™ + hyg" — OH’ (24)

OH'/hyg* + TC — products (25)

The ultimate products produced by the breakdown of pure
TC molecules into smaller molecules are carbon dioxide (CO,)
and water (H,0).** A plausible mechanism has been proposed to
explain how the NiFe,0,/MWCNTSs composite improved visible-
light-driven photocatalytic redox reactions in Fig. 18. When
exposed to simulated visible light, the NiFe,O, photocatalysts
generate e~ in the CB and h" in the VB according to eqn (19).**
After the light-induced process, the generated electrons
undergo rapid transfer to MWCNTs. These MWCNTs serve
a dual function as electron acceptors and carriers within the
photocatalytic system, effectively preventing the recombination
of e~ - h* pairs.* The photocatalytic reactions occur not only on
the surface of the photocatalyst but also on the MWCNTs,
leading to an increase in the specific surface area and a greater
number of active reaction sites. Once the electrons are trans-
ferred to the surface of MWCNTs, they interact with surface-
adsorbed oxygen, resulting in the creation of O, as shown
in eqn (20).% These superoxide radicals then undergo reactions
with H' to produce OH" according to eqn (21). NiFe,O, has a CB
potential that is more negative (0.08 eV) than the typical redox
potential of O,/OH™ (0.40 eV).** So that the high energy

Fig. 18 Schematic diagram of the possible reaction mechanism (NiFe,O4/MWCNTSs).
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electrons generated during the photocatalytic process can
combine with H' ions in the solution and take part in a reaction
with O, that produces OH ™, as shown in eqn (22). Additionally,
due to the higher VB potential of NiFe,O, (2.72 eV) compared to
the potentials of OH /OH" (1.99 eV) and H,O/OH" (2.27 eV), the
positive h* can react with OH~ and H,O. This reaction results in
the formation of OH" as described by eqn (23) and (24). Both
photoreduction and photooxidation processes generate OH’,
which plays a crucial role in the degradation of TC.*” Moreover,
the h” in the VB of NiFe,0, can directly oxidize TC molecules.
Consequently, these highly reactive species interact simulta-
neously with TC molecules, leading to an efficient photo-
catalytic reaction, as shown in eqn (25).

4. Conclusion

In short, using a hydrothermal process, we produced a readily
separable nanocomposite made of MWCNTs and NiFe,O,. This
combination was created to break down TC antibiotics by
photocatalysis. The photocatalytic degradation rate of the
nanocomposite was significantly higher than that of the
NiFe,0, catalyst alone. According to our research, adding more
NiFe,0, nanoparticles significantly improves the photocatalytic
activity of NiFe,0,/MWCNTs in degrading TC antibiotics. The
dose of the nanocomposite, the concentration of the TC solu-
tion, and the pH level all impacted how quickly the material
degraded. The following were determined to be the ideal
conditions for effective degradation: pH 9, TN 04 (1:4)
composition, 0.6 g L™ " nanocatalyst, 10 mg per L TC solution,
120 minutes reaction time and 120 W m™” radiation intensity.
Following analysis of the kinetics driving the degradation
process, a high regression coefficient value (R*) of 0.9 and a rate
constant (Kops) of 0.020 m ™' were obtained. Furthermore,
studies on stability and recycling showed that the NiFe,O,/
MWCNTs nanocomposite retained its efficiency through several
cycles, highlighting its potential as a long-lasting catalyst.
Trapping tests provided further information, showing that the
NiFe,0,/MWCNTs photocatalyst may produce a significant
amount of OH". The effective migration of photoexcited elec-
trons, which are subsequently trapped on the surface of
MWCNTs, is a key component of the photocatalytic process. The
literature has thoroughly explained and characterized these
fundamental processes. Thus, thorough inquiry into photo-
catalysis has convincingly shown a fundamental foundation
and creative strategy for creating a NiFe,O,/MWCNTs nano-
composite toward superior visible active photocatalysis.
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