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ed synthesis of magnetic
recyclable Fe3O4/rice husk biochar based
photocatalysts for ciprofloxacin photodegradation
in aqueous solution

Tran Quoc Toan,a Nguyen Thi Mai, bc Hoang Minh Trang,*b Pham Van Haod

and Dang Van Thanh *e

In this work, a new facile one-spotmethod has been designed to fabricate amagnetic recyclable Fe3O4/rice

husk biochar photocatalyst (FBP) for the removal of Ciprofloxacin (CIP) in aqueous solution. This method

combines ultrasonic-assisted impregnation and precipitation, which can overcome the difficulties of

long-time reactions, complex procedures, and extreme condition requirements. The successful

fabrication of the Fe3O4/biochar material has been proven by a series of material characterization

techniques, including X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Raman, Fourier

Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS), and vibrating sample

magnetometer (VSM). Moreover, the as-product FBP exhibited the excellent ability of photodegrading

CIP and the possibility of magnetic recovery from the aqueous solution, suggesting a potential solution

for removing antibiotic pollutants in environmental remediation.
1. Introduction

Ciprooxacin (CIP) is one of the 2nd-generation uoroquinolone
antibiotics. Possessing broad-spectrum antibacterial activity, CIP
is known as one of the most powerful antibiotics in the uo-
roquinolone group, and is used to treat many bacterial infections
such as respiratory tract infections, urinary tract infections,
intestinal tract infections (diarrhea, typhoid.).1 Currently, CIP-
involved treatment has been experiencing increasing antibiotic-
resistance-related troubles due to antibiotic abuse, especially in
developing countries.2,3 The elimination of antibiotics in general
and CIP, in particular, is signicant since the antibiotic residues
in water are harmful to some microorganisms, enabling many
wastewater treatment bioprocesses and can worsen antibiotic
resistance status. As a result, various techniques have been
developed and used to remove antibiotics, such as adsorption,
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biolm, photocatalytic degradation, advanced oxidation, Fenton,
etc.4 Among them, ultraviolet (UV) or visible light photocatalysis
are of great interest thanks to its high removal efficiency and
environmental friendliness.5–7 Consequently, many types of
photocatalytic materials have been developed to remove CIP, for
example, metal oxide materials with nanostructures or their
combinations such as TiO2/biochar, Zn-doped Cu2O, ZnO/
biochar.8–11 The difficulty in recovery of these materials, however,
is one of its major drawbacks. Centrifugation and ltration are
two favorable solutions in laboratory-scale but hardly to be
implemented in industrial wastewater systems due to its cost and
complex process. In addition, the other disadvantages which
limiting the dissemination of these materials is the high cost and
time consuming of its manufacturing process. Therefore, devel-
oping methods to produce affordable materials possessed both
efficient CIP removal and its rapid and easily separation from the
aqueous phase is a gap need to be lled in order to balancing the
efficiency and the effectiveness in upscaled implementation.

Recently, biochar is a highly porous material produced from
the pyrolysis of raw materials derived from plant biomass or
agricultural by-products (corn stalks, peanut shells, wood
shells, rice husks, livestock, and poultry manure) in anaerobic
conditions.12,13 Biochar is widely used in various elds, such as
agricultural cultivation (soil improvement, moisture preserva-
tion) and environmental pollution treatment (adsorbent, cata-
lyst, catalyst carrier) because of its like-activated-carbon
properties.14 This approach has promoted research on con-
verting wastes into biochar and its application in environmental
RSC Adv., 2023, 13, 11171–11181 | 11171
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Fig. 1 The schematic representation of the preparation processes and CIP photodegradation.
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treatment or agricultural cultivation to achieve two goals
simultaneously: biomass-derived waste treatment and envi-
ronmental pollution treatment, creating soil improvement
materials. However, the small particle size of biochar makes it
challenging to separate from the aqueous environment aer
treatment and oen requires ltration and centrifugation,
which are expensive and complex processes that hinder their
application in large-scale wastewater treatment systems. Thus,
various methods have been developed to solve this bottleneck,
such as thermochemical, co-precipitation, reductive co-
deposition, and mechanical milling via incorporating Fe3O4

nanoparticles on biochar.15–17 This combination could mini-
mize the limitations of each material and help promote their
superior properties, especially in treating contaminated water.
For example, Ayoub et al. used Fe2+/Fe3+ mixture to modify
waste camel bone biochar, prepared a magnetic nano-
composite, and explored its adsorption properties for the
adsorption of toxic metals from water.18 For modifying
purposes, the impregnation and/or precipitation through
a chemical reaction of ferrous/ferric precursors with biochar is
oen employed thanks to its simple procedure.16,19 On the other
hand, the exploitation of ultrasonication to promote and
shorten reaction time has been widely introduced in nano-
material synthesis, especially for Fe3O4 or hybrid materials.20–22

Thanks to the cavitation effect, the bubbles, which are gener-
ated by ultrasonic, create locally high temperatures (e.g., 10 000
K) and pressures (e.g., 10 000 atm), which might lead to some
interesting physicochemical effects, especially in synthesizing
of nano-compounds.22,23 This can produce Fe3O4 nanoparticles
with a high saturation magnetization of about 80 emu g−1,
which was approximate to bulk Fe3O4 at room temperature
without any heat treatment.24 As demonstrated, the ultrasonic-
assisted approach has been favorable for the formation of
hybrid or nanomaterials without using any additional chemical
11172 | RSC Adv., 2023, 13, 11171–11181
reagents or apparatus.25 To the best of our knowledge, a simple
coupling ultrasonic-assisted impregnation and precipitation is
a reasonable method to produce magnetic recyclable Fe3O4/
biochar photocatalysts from rice husk for ciprooxacin photo-
degradation in an aqueous solution.

In this work, we explore a novel facile process to fabricate the
magnetic recyclable Fe3O4/rice husk biochar based photocatalysts
(MFBP) which coupling ultrasonic-assisted impregnation and
precipitation reaction and study its applicability for CIP photo-
degradation. The as-prepared MFBP possesses a large specic
surface area thanks to the cavitation effect, thus raising contact
site of MFBP with CIP molecules and improving the separation of
photogenerated electron–hole pairs and acceleration interfacial
charge transfer. The results prove that MFBP is an effective
photocatalyst for treating CIP-contained wastewater and promote
research on converting residues agricultural biomass into bio-
char and its application in environmental remediation.
2. Materials and methods
2.1. Materials

Rice husk were collected from rice factories in Thai Nguyen
province. The chemicals, including KH2PO4 ($99.0%, Merck),
ciprooxacin (analytical standard, Merck), FeSO4$7H2O
($99.0%, Merck), Fe2(SO4)3$xH2O (97%, Merck), NaOH
($85.0%, Merck) and HNO3 (70%, Merck) were used for
experiments without further purication. All experiments were
performed using deionized (DI) water and double-distilled (DD)
water.
2.2. Methods

2.2.1. Fabrication of FBP. Rice husks were washed thor-
oughly with double distilled water and dried till their moisture
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00178d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 5
:0

9:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was below 5% before being pyrolyzed in anaerobic condition at
800 °C for 1 hour. Aer let it cooled down, rice husk biochar was
washed with DD water followed by drying at 80 °C for 12 hours;
the product was unmodied biochar, denoted as ORB.

A mass of 5 g ORB was weighed and placed in a 1000 mL
beaker, then 300mL of NaOH 0.5 M was poured into this beaker
to create a mixture. This mixture was slowly added to 300 mL of
a solution containing FeSO4 : Fe2(SO4)3 at a molar ratio of 4 : 1
with a concentration of 0.5 M, which had been being sonicated
and stirred (at speed of 10 rpm) for 60 minutes. The resulting
precipitate powder was collected by a magnet, washed several
times with DI water until pH 7, then dried in a vacuum oven at
60 °C for 4 hours; the product was denoted as UFBP. For
comparison, the sample without ultrasonic was named FBP.
Also, the postxes of 5, 10 and 15 are used to indicate the mass
of biochar in grams which were used in the preparation
procedure. The schematic representation of the preparation
processes is presented in Fig. 1.

2.2.2. Study the photocatalytic ability of UFBP. The pho-
tocatalytic activity of materials was evaluated by the degradation
of CIP in the solution (initial concentration of 10 mg L−1) under
UVA illumination, as demonstrated in Fig. 1. To eliminate the
effect of ambient light, the whole experimental setup was placed
in a dark room, and the reaction temperature wasmaintained at
25 °C using water as a coolant. The experiments were conducted
as follows: weigh 150 mg of materials and put into a measuring
cylinder containing 250 mL of CIP 10 mg L−1 with pH 5.5.
Firstly, the mixtures were magnetically stirred for 60 minutes in
the dark to achieve adsorption–desorption equilibrium. Then,
the mixtures were magnetically stirred and illuminated by UVA
lamps for 180 minutes, and a volume of 1.5 mL was sampled
every 30 minutes. The solid samples were separated using
a magnet, and liquid phases were determined by photometric
method at an absorption wavelength of 276 nm using Hitachi
UH5300 UV-VIS Double Beam Spectrophotometer.

2.2.3. Antibacterial activity study. Both Gram-positive
bacteria and Gram-negative bacteria are sensitive to Cipro-
oxacin. Thus, to determine the antibacterial activity of CIP, the
antibacterial zone measurement method was employed with
Gram-positive bacteria Bacillus subtilis (BS) and Gram-negative
bacteria Escherichia coli (E. coli). The antibacterial activity of
CIP was determined based on the formation of antibacterial
zones on the Petri dish of medium, surrounding the assay
containing each of the tested solutions, including CIP solution
prior to photocatalysis and CIP solution later to 120, 180, and
240 minutes of photocatalysis. The bacterial volume of 100 mL
with a density of approximately 106 CFU mL−1 was equally
distributed on the surface of Peri dishes containing Luria Ber-
tani Broth (LB). The assays of 8 mm in diameter were punched
on the surface of medium, where 50 mL of desired solutions
were pipetted into. These LB-Peri dishes were incubated at 30 °C
for 24 hours before the diameter measurement of the antibac-
terial zone. Each experiment was replicated three times.

2.2.4. Scavenger experiments. These experiments were
carried out to investigate the generation of reactive oxygen
species during the photocatalytic process using UFBP catalyst.
Appropriated volumes of Ethylene diamine tetraacetic acid
© 2023 The Author(s). Published by the Royal Society of Chemistry
(EDTA), Isopropyl alcohol (IPA) and Ascorbic acid (AA) were
used as the scavengers for hydroxyl radical (cOH), h+, superoxide
(O2c

−) in 250 mL of the reaction solution.
2.2.5. Characterization. X-ray diffraction patterns (XRD)

and Raman spectra of samples were recorded on X-ray diffrac-
tometer (D2 PHASER) and Labram HR evolution Raman spec-
trometer, respectively. The morphological characteristics of
samples were surveyed by scanning electron microscope JEOL
JSM-6700F SEM. The specic surface area of the samples was
determined by measuring N2 adsorption isotherm on the Tri
Star 3000 instrument at 77 K. Magnetic saturation was deter-
mined using the MicroSense EZ9 vibrating sample magnetom-
eter. The chemical bonds of samples were investigated by XPS
(Escalab 250Xi, Thermo Scientic) and FTIR (Nicolet iS50 FTIR
spectrometer), respectively. Electrochemical impedance spectra
(EIS) were recorded using a three-electrode electrochemical
workstation and the at band of samples were determined
using Autolab workstation PGS 302N. The working electrode
was fabricated by dripping 100 mL of a mixed solution of UFBP,
carbon black, and polyvinylidene diuoride (PVDF) with the
ratio 80 : 10 : 10 in N-methyl pyrrolidinone solvent at a concen-
tration of 10mgmL−1 on FTO substrate (with the surface area of
1 cm2) then dried at 40 °C for 48 hours. The electrolyte Na2SO4

1 M was used for EIS measurements. The intermediates of CIP
photodegradation were detected by LC-MSD-Trap-SL Agilent
1100.

3. Results and discussion

Fig. 2 illustrates XRD, Raman and FT-IR spectra of rawmaterials
(Fe3O4, ORB) and obtained catalyst (UFBP). It can be observed
that the characteristic peaks revealed at 2q = 30.05°; 35.36°;
43.08°; 57.07° and 62.68° corresponding to the planes (220),
(311), (400), (511) and (440) of Fe3O4 (JCPDS 19-0629) as shown
in Fig. 2a. Meanwhile, the characteristic peaks of ORB occurred
at 2q = 22.14°, 29.42°, and 43.61°, corresponding to the planes
(002), (220), and (100) of amorphous carbonaceous carbon.26

Notably, when combines with each other, the peaks of both
materials appeared at 2q = 30.05°; 35.36°; 43.08°, correspond-
ing to the planes (002), (220) and (311) with the lower intensity
of diffraction peaks. To further conrm, FTIR spectra of ORB,
Fe3O4 and UFBP were recorded, and results are presented in
Fig. 2c. It is clearly shown that the spectrum of ORB contains
characteristic peaks at the wavelengths of 1047 cm−1, 678 cm−1

and 452 cm−1 corresponding to the stretching oscillatoric
asymmetric bonding Si–O–Si. The peak at 1567 cm−1 indicates
the appearance of the C]C (sp2) bond.27 Meanwhile, Fe3O4

spectrum has characteristic peaks at 629 cm−1 and 583 cm−1,
corresponding to the stretching oscillatory of the Fe–O bonds in
the lattice of iron oxide.18 The peaks at 1625 cm−1 and a wide
peak at 3416 cm−1 are associated with the appearance of the
exed hydroxyl (-OH) and stretched –OH groups. For UFBP, the
characteristic peaks of both Fe3O4 and ORB at 623 cm−1 and
787 cm−1 were revealed. Moreover, the optical absorption
properties of UFBP were evaluated using UV-vis absorption
spectra and the band gap (Eg) was estimated by employing the
Kubelka–Munk equation is Eg = 1.81 eV (Fig. 2d). The UFBP
RSC Adv., 2023, 13, 11171–11181 | 11173
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Fig. 2 (a) XRD, (b) Raman, (c) FTIR spectra of Fe3O4, ORB, UFBP and (d) the band gap of UFBP.

Fig. 3 (a–c) SEM images of ORB, Fe3O4, UFBP and (d, e) TEM images of Fe3O4, UFBP.

11174 | RSC Adv., 2023, 13, 11171–11181 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Survey, (b) C 1s, (c) O 1s and (d) Fe 2p XPS spectra of UFBP.
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sample with a narrow band gap which performs better light
absorption that produces more photoinduced charge carriers in
the photocatalytic process.
Fig. 5 (a) Nitrogen adsorption isotherms of ORB, Fe3O4, UFBP5, FBP5, (b)
photocatalytic degradation performance in the presence of UVA, Fe3O4,
25 °C, rotation speed 300 rpm; inset in (b) is an image demonstrating th

© 2023 The Author(s). Published by the Royal Society of Chemistry
The SEM and TEM images as shown in Fig. 3 described the
morphology of ORB, Fe3O4 and UFBP. It can be seen from SEM
images (Fig. 3a) the original form of ORB was the large sheets,
magnetization hysteresis loop of Fe3O4, FBP5, UFBP5, 10, 15 and (c) CIP
ORB, FBP5, UFBP5 under UVA, initial concentration 10 mg L−1, pH 5.5,
e magnetic separation of UFBP5 from solution.

RSC Adv., 2023, 13, 11171–11181 | 11175
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Fig. 6 (a) Mott–Schottky plots plotted as C-2 referenced to the Ag/AgCl electrode for UFBP; (b) photocatalytic degradation of CIP by UFBP
under visible light irradiation and in the presence of scavengers: EDTA, AA, and IPA.
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while Fe3O4 was in the form of nanoparticles (Fig. 3b). Aer the
magnetization, UFBP (Fig. 3c) possesses a rougher surface due
to the ORB biochar fragments were coated in Fe3O4 nano-
particles. TEM images also indicated Fe3O4 existed in nano-
particles form with size of 15–20 nm (Fig. 3d) which then
alternated with ORB sheets as seen in Fig. 3e. These existences
prove the combination of two ingredients in the resulted
material and is elucidated by results from XPS analysis of UFBP
(Fig. 4).

As seen in Fig. 4a, the survey scan of UFBP indicates the
existence of C, O, Fe elements. The C 1s XPS spectrum of UFBP
Fig. 7 Schematic diagram of conduction band (CB) and valence band (V

11176 | RSC Adv., 2023, 13, 11171–11181
(Fig. 4b) is ascribed to non-oxygenated C (C–C/C]C), epoxy
(C]O), carbonyl (C–OH), carboxylate (O–C]O).28 Additionally,
O1s spectrum (Fig. 4c) can be de-convoluted into three peaks at
a binding energy of 529.70 eV, 531.21 eV, and 532.25 eV ascribed
to Fe–O bonds, C–O-iron bond, and oxygen defects/oxygen
adsorbed on the surface of samples,29,30 respectively. The high-
resolution Fe 2p (Fig. 4d) spectrum shows two peaks at
binding energies of 711.4 eV and 724.9 eV, which are attributed
to Fe 2p3/2 and Fe 2p1/2, respectively. In addition, a satellite
peak was observed at 717.00 eV, conrming the presence of
high crystalline Fe3O4 in the samples. The calculation of the
B) potentials of UFBP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) EIS of Fe3O4 and UFBP5, (b) HPLC, (c) LC/MS and (d) possible mechanism of CIP photodegradation after 180 min.
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area of Fe2+ : Fe3+ peak gives the ratio of 0.51, which is consis-
tent with the relative theoretical composition of Fe2+ : Fe3+ = 0.5
in Fe3O4 structure.31 The higher ratio from the peak compared
to the theoretical value also conrmed the existence of Fe2O3

phase as presented by XRD analysis, which agrees with the
satellite peak at 716.2 eV.

Consequently, these results conrmed the successful
formation of a magnetic hybrid through the decoration of Fe3O4

on the ORB using the combination of ultrasonic-assisted
impregnation and precipitation reaction (Fig. 5). The bond
between biochar and ferromagnetic oxide can be occupied
between Fe–OH on the surface of iron oxides and C–OH on the
surface of biochar, as evidenced in XPS and FTIR results. To
further elucidate, the magnetization hysteresis loop and BET
(Fig. 5a) of Fe3O4 and hybrid samples were recorded. As shown
in Fig. 5b, all samples almost quickly reached saturation in
relation to paramagnetic characteristics. The magnetic satura-
tions of UFBP5 (13.02 emu g−1), FBP5 (8.86 emu g−1), UFBP 10
(4.52 emu g−1) and UFBP15 (0.91 emu g−1) were smaller than
that of Fe3O4 sample (45.21 emu g−1) due to the addition of
carbon in the hybrid material. However, the Ms of UFBP5 was
high enough for magnetic separation from aqueous media, as
shown in Fig. 5b. Thus, the UFBP5 was selected for further
studies. The potential application of the UFBP5 is evaluated
through the photodegradation of CIP under UVA light. For
comparison, the treatments by ORB, Fe3O4, and direct photol-
ysis (only UVA light) were also performed. As shown in Fig. 5c
photodegradation efficiency was within the range of 37.2%,
55.5%, and 65.3% for 180 min under UVA light irradiation
© 2023 The Author(s). Published by the Royal Society of Chemistry
without photocatalyst, Fe3O4, and with ORB, respectively. When
it was irradiated using UFBP5, photodegradation efficiency
signicantly increased to 96.7%. Notably, FBP5 also revealed
a fairly good photodegradation ability of CIP but smaller than
that of UFBP5 due to lower BET (Fig. 5a). Moreover, Ms of
UFBP5 is larger than that of FBP5 (Fig. 5b) as a result of the
inhibiting agglomeration of Fe3O4 and increasing BET (Fig. 5a)
due to ultrasonic irradiation effect in the preparing procedure.
From the results, it may be concluded that the Fe3O4 molecules
interacted with the carbon sheets to form a magnetic recyclable
Fe3O4/biochar photocatalyst, which possesses a large specic
surface area and high potential of recovery and reuses aer the
treatment process.

To clarify the photocatalytic reaction mechanism of UFBP,
Mott–Schottky analysis, the band structure of UFPB was deter-
mined. As displayed in Fig. 6a, the at bands (EFB) of UFBP is
−0.47 V vs. Ag/AgCl. It is noteworthy that the slope of UFBP is
positive, which means that UFBP is n-type photocatalyst.
Moreover, the E of the n-type semiconductor is about 0.1 V
lower than its the CB minimum.32 The CB potential of UFBP is
estimated to be −0.37 V vs. NHE, by the following equation:
ENHE = EAg/AgCl + 0.197 V. Based on the equation of Eg = EVB −
ECB, the valence band (VB) top of UFPB is determined to be
+1.44 V.

To conrm the formation of reactive species, the scavenger
studies for free radicals of the photoctalytic system were also
investigated due to its effect on reaction time, pathways, and
nal products in photocatalytic reactions.33 As illustrated in
Fig. 6b, EDTA, IPA and AA were employed as quenching agents
RSC Adv., 2023, 13, 11171–11181 | 11177
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to elucidate the production of radicals, including hole (h+),
hydroxyl (cOH), superoxide anion (O2c

−), respectively. The vari-
ation of Ct/C0 of UFBP can be considered as a function of irra-
diation time before and aer adding to scavengers of free
radicals. The photocatalytic degradation of CIP in the presence
of scavengers are 48.63% for AA, 23.70% for IPA and 20.30% for
EDTA. The results clarify that hole (h+) and O2c

− and cOH are the
primary reactive species for CIP photocatalytic degradation into
the non-toxic compound, H2O, and CO2.

Based on the above experiment, the possible mechanism of
Fe3O4/rice husk biochar material is proposed in Fig. 7. When
a UVA light is incident on the photocatalyst material, UFBP
releases photo-generated hole–electron pairs. The photoexcited
electrons of UFBP migrate to CB while the holes transfer to the
VB. The photogenerated electrons transfer from the conduction
band of Fe3O4 to the empty orbital of the graphene-like struc-
ture biochar through conjugated p-bond molecules or direct
transfer biochar, leading electron–hole pairs to separate more
easily and the charge recombination rate to decrease, then
improving photocatalytic efficiency. In addition, the electronic
charges in CB can easily reduce O2 to generate O2c

− (EH= 0.33 V
versus NHE), then continuously generate cOH. Eventually, O2c

−,
cOH and holes can directly react with the CIP to degrade them
into non-toxic products.
Fig. 9 (a) CIP photodegradation efficiency of reusing UFBP5 material,
degradation; (d) diameters of antibacterial zones Bacillus subtilis and (
presence of UFBP5; inset in (c) is an image of UFBP5 magnetic separatio

11178 | RSC Adv., 2023, 13, 11171–11181
UFBP + hn (photon energy) /eCB
− + hVB

+

eCB
− + O2 / O2c

−

O2 + 2e− + 2H+ / H2O2

H2O2 + e− / cOH

hVB
+, cOH, O2c

− + CIP / CO2 + H2O

Aerward, enhancing the performance towards CIP photo-
degradation of UFBP5 was compared to Fe3O4 as a result of
raising contact site of UFBP5 with CIP molecules and transfer
capacity of photogenerated electrons. To verify, EIS measure-
ment was conducted for evaluation of the charge transfer
resistance and the separation efficiency of charge carriers. As
shown in Fig. 8a, the arc radius (EIS Nyquist plot) of the UFBP5
was smaller than those of Fe3O4. Typically, the semicircle
diameter in the high frequency region reected the charge
transfer resistance between the electrode and the
electrolyte.34–36 Thus, these results clearly elucidated more
effective separation of photogenerated electron–hole pairs and
accelerated interfacial charge transfer from UFBP5 to reaction
molecules than that from Fe3O4. Besides, the intermediates
formed during the photodegradation of CIP by UFBP5 were
(b) FTIR and (c) VSM of UFBP5 before and after four recycle photo-
k) Escherichia coli at the different time of UVA illumination with the
n from solution after 4th recycle.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the photocatalytic ability of several Fe3O4-containing photocatalysts

No. Photocatalyst Pollutant
Contact time
(min)

Efficiency
(%) Ref.

1 Fe3O4@TiO2-PVP shell Congo red dye 120 78.2 37
2 Fe3O4/CuO Direct red 89 240 89 38
3 Fe3O4 Cibacron red FN-R 100 85.51 39
4 Fe3O4/SnO2 p-Chlorophenol 300 89 40
5 Fe3O4/SiO2/TiO2 core-2-layer-shell

nanocomposite
Ciprooxacin 120 94 41

6 UFBP Ciprooxacin 180 96.7 This research

Table 2 Antibacterial activity of CIP after photocatalysis time

Bacteria

Diameter of the antibacterial zone (mm)

(1) Aer 0 minute
(2) Aer 120
minutes

(3) Aer 180
minutes

(4) Aer 240
minutes

Bacillus subtilis (BS) 16.5 � 0.1 11.4 � 0.2 4.2 � 0.1 0
Escherichia coli (E.co) 19.4 � 0.2 13.5 � 0.1 9.1 � 0.1 0
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determined by LC/MS analysis (Fig. 8b) and further conrmed
by HPLC data (Fig. 8c). The probable intermediates of the CIP
photodegradation with corresponding m/z values are presented
in Fig. 8c, and the possible pathway for this photodegradation is
proposed as follows: Firstly, the molecular structure of CIP
could be lost –CO2 of a carboxylic group leading to a high-
intensity signal appearance at m/z = 288 which corresponds
to the molecular ion [C16H18FN3O]

+. One prominent fragment
ion is observed at m/z = 245 (corresponding to ion
[C14H14FN2O]

+) by destroying the N1 and N4 positions of the
piperazine ring (losing the –C2NH4 group). The [C14H14FN2O]

+

molecular ion (m/z = 245) can undergo further loss of –CH2

group belonging to the remaining part of the piperazine ring,
forming a molecular ion [C13H12FN2O]

+ (m/z = 230.8) which
nally lost –CNH2 group of piperazine part to obtain the frag-
ment ion [C12H10FNO]

+ (m/z = 203.8).
The reusability of the material is vital to the evaluation of the

material's practical applicability. The UFBP5 material, aer
photocatalytic treatment, was recovered through magnetic
attracting, washed several times with DI water, then dried in the
oven. The results of CIP degradation efficiencies aer four
cycles of reusing material are presented in Fig. 9a. As can be
seen, the photocatalytic activity of UFBP5 was fairly well main-
tained, revealed by degradation efficiency was 94.03% for the
rst-turn test and 80.24% aer the fourth turn, including minor
changes in the FTIR spectra (Fig. 9b) and Ms. The decrease of
the photodegradation efficiency and Ms was attributed to the
loss of some of the catalysts through withdrawing, consumption
in the photocatalytic degradation. Notably, the UFBP5 aer the
fourth turn still maintains the easy magnetic separation as
observed in Fig. 9c. It is proved that UFBP5 material has a high
potential to reuse and recover and is an economical solution in
the treatment of CIP residues in water. Moreover, the compar-
ison of the photocatalytic ability in our research with others is
shown in Table 1. It was found that the photocatalytic efficiency
© 2023 The Author(s). Published by the Royal Society of Chemistry
of UFBP was effective and higher than the gures of most Fe3O4-
containing photocatalysts which were exhibited in previous
papers. Besides that, the reaction time is average in comparison
with other samples. Hence, UFBP could be used as a good
photocatalyst in the application for the degradation of antibi-
otics in wastewater.

Additionally, the toxicity of CIP solution prior and latter to
the photodegradation by UFBP5 under UVA irradiation (Fig. 9d)
is further investigated by assessing the growth of Bacillus sub-
tilis (BS) and Escherichia coli (E.co) since BS and E.co are both
indicators for various environments and sensitive to CIP. These
post-treatment antibacterial activity assessment of the antibi-
otic photodegraded intermediates provide the basis to identify
their environmental effects. The antibacterial activities of the
CIP solution aer 0, 120, 180, and 240minutes of photocatalysis
by UFBP5 were exhibited in the diameter of the antibacterial
zone shown in Table 2.

According to these results, the diameter of the antibacterial
zone decreased sharply with photocatalysis time, indicating
that the antibacterial activity of CIP decreased with time and
completely wore off aer 240 minutes of photocatalysis.
Therefore, when degrading CIP by UFBP5 photocatalyst, the
degraded products possessed low antibacterial activity for BS
and E.co, indicating the ecological safety of the CIP discharges
photodegraded by UFBP5 photocatalyst.
4. Conclusions

Magnetic recyclable Fe3O4/rice husk biochar based photo-
catalysts were successfully fabricated via in situ ultrasonic-
assisted impregnation and precipitation technique and
employed for photocatalytic removal of ciprooxacin in
aqueous solution. This photocatalyst exhibited the ability to
remove CIP by photodegradation better than that of Fe3O4 as
a result of higher surface area and a lower rate of electron–hole
RSC Adv., 2023, 13, 11171–11181 | 11179
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pair recombination. Moreover, it possessed good reusability,
with 80.24% of CIP degraded aer four cycles. The photo-
degraded products reveal a low antibacterial activity which is
correlated to high ecological safety. These results provide the
potential for large-scale industrial environmental remediation.
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