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a b s t r a c t
In recent years, water pollution caused by antibiotics, contaminants of emerging concern, is a hot issue 
that attracts much attention. In this study, TiO2 prepared by the sol–gel method was impregnated on 
a Fe3O4 ferromagnetic core to form a core-shell composite of Fe3O4@TiO2 magnetic photocatalyst. 
The material properties were determined using scanning electron microscopy, energy-dispersive 
X-ray spectroscopy, vibrating sample magnetometry, X-ray diffraction, Raman, Fourier-transform 
infrared spectroscopy, Brunauer–Emmett–Teller, and UV-Visible diffuse reflectance spectroscopy 
techniques. The photocatalytic activity and recoverability of the Fe3O4@TiO2 magnetic material were 
evaluated via its performance for enrofloxacin (ENR) degradation in water. The effects of various 
factors (e.g., pH, catalyst dosage, ENR concentration, and treatment time) on ENR degradation were 
investigated. Design-Expert software was then used for the experimental design and optimization 
of the ENR degradation. Results showed that the ENR degradation efficiency after 2.5 h was over 
90% under UVA irradiation, at pH 7, catalyst dose of 0.972 g/L, and initial ENR concentration of 
19.628 mg/L. After treatment, 62% of the material was recoverable by an external magnetic field, 
suggesting a potential solution for the treatment of antibiotics in water with high degradation 
efficiency and material recovery.
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1. Introduction

Antibiotics are emerging pollutants that occur in the 
natural environment from pharmaceutical industry waste, 
hospital wastewater, and human and animal excretion prod-
ucts. Centralized wastewater treatment systems, municipal 
wastewater treatment plants, and hospitals are also hotspots 
and sources of antibiotic residue emissions into the natural 
environment [1–3] because about 18%–66% of antibiotics 
are not completely removed using conventional waste-
water treatment systems [4]. Therefore, it is necessary to 
study antibiotic treatment solutions to prevent unintended 
incidents. Enrofloxacin (ENR), an antibiotic belonging to 
the fluoroquinolones group with the structural formula 
of C19H22FN3O3, has a high bactericidal effect and a broad 
antibacterial spectrum that inhibits both gram-positive and 
gram-negative bacteria. ENR is commonly used to treat 
respiratory and intestinal infections in veterinary med-
icine [5]. ENR was detected in almost all areas of rivers, 
city canals, centralized wastewater treatment systems, and 
livestock/aquaculture wastewater around the world [6–9], 
especially in India [10,11] and China [12]. ENR concentra-
tion fluctuates around several tens of ppb in the aquatic 
environment [13] with ENR residues in pharmaceutical 
wastewater in India of 210–900 µg/L [10,11]. The sustainable 
and stable existence of ENR in the environment, especially 
its strong adsorption capacity into the soil, has contributed 
to its negative impact on ecosystems and humans even at 
low concentrations [14].

Several methods have been studied and applied in the 
treatment of antibiotic residues, including physico-chem-
ical treatment, biological treatment, and advanced oxida-
tion processes (AOPs). Accordingly, the biological method 
is unstable with the treatment efficiency varying from 50% 
to 98% and the physico-chemical method cannot completely 
deal with the production of secondary pollutants. AOPs are 
often considered the most suitable treatment technology for 
emerging pollutants with stable treatment efficiency and 
the ability to thoroughly decompose the pollutants into 
environmental-friendly compounds and even mineralized 
products. Among AOPs, photocatalysis provides high cata-
lytic efficiency and simplicity in operation, which has been 
extensively studied for the removal of organic pollutants. 
Some commonly known photocatalyst materials are TiO2, 
ZnO, WO3, SnO2, α-Fe2O3, and sulfide semiconductor com-
pounds (e.g., ZnS, CdS, and WS2). Previous studies have 
shown that photocatalysis with TiO2 can effectively decom-
pose hard-biodegradable substances in water such as pes-
ticides, dyes, organics, and especially antibiotics [15–18]. 
The combination of Bi2O3 (n-type) and TiO2 (n-type, sphere) 
catalyzed the complete degradation of total organic carbon 
and tetracycline at its characteristic peak (~ 350 nm) under 
visible light (λ > 420 nm) [15]. Giraldo et al. [16] used TiO2 
(Degussa P25) suspension to degrade the oxolinic acid at a 
concentration of 20 mg/L. The result showed that degrada-
tion efficiency was enhanced at low pH and catalyst dosage 
of 1 mg/L. The antibacterial activity, as well as antibiotic 
toxicity, decreased by 60% after 30 min of treatment under 
optimal conditions. The mechanisms of degradation of cip-
rofloxacin along with intermediate products during treat-
ment with heterogeneous TiO2 were proposed in the study 

of Hu et al. [17]. In addition, this report also summarized the 
remarkable progress in the degradation of ciprofloxacin by 
photocatalysis under visible light irradiation.

Besides many advantages, photocatalysis using TiO2 
also has certain disadvantages such as high recombination 
of photo-generated electrons and holes or the use the light 
of short wavelength ultraviolet (UV) range. Surface modifi-
cation or doping TiO2 with metal/non-metal can limit elec-
tron–hole recombination and shift the utilized range of light 
into the visible light region. The modifications with alkali 
metals (e.g., Na, K, Li), metals (e.g., Fe, Cr, Co, V, Cu, Nd, 
Ce, Zr, and Sn), and non-metals (e.g., B, C, N, F, S, Cl, and Br) 
help increase the photocatalytic activity of TiO2 in the visible 
light region [19]. On the other hand, the main limitation of 
photocatalysis is the low recovery ability of the used material 
after water treatment. This can lead to the contamination of 
nanomaterials in the water environment, adversely affect-
ing ecosystems and the life of organisms as well as humans. 
Centrifugation or filtration for separating nanomaterials 
after treatment is difficult to be applied in practice because of 
the high requirements of equipment, energy, and cost. Thus, 
the development of magnetic photocatalytic materials that 
can be easily recovered by a magnetic field is an interesting 
research field since it is energy-saving and simple to oper-
ate [20–22]. Furthermore, since the magnetic field can pass 
through some materials such as glass or plastic without any 
physical interaction with the material, it will not contaminate 
the water source. In addition, this separation is not sensitive 
to environmental factors such as pH, temperature, and ionic 
concentration of the solution, which does not affect the pho-
tocatalytic activity. Especially, magnetic photocatalysts based 
on ferromagnetic cores [23] such as superparamagnetic mate-
rials of Fe3O4-TiO2 have a high saturation magnetization of 
49 emu/g [24]. He et al. [25] prepared Fe3O4-TiO2 by homo-
geneous precipitation method, which had high activity and 
no toxicity and can work with visible light. The TiO2 layer 
thickness on the magnetic core also significantly affected 
the photocatalytic efficiency [26]. The composites with a 
TiO2 layer thickness of 17 nm gave high activity and had an 
extended light absorption band (>600 nm). Therefore, there 
is a great opportunity for improving the recovery ability of 
the nanomaterial while keeping its photocatalytic activity 
via the core-shelf structure of Fe3O4-TiO2. Besides, this struc-
ture is expected to enhance the efficiency of ENR photoca-
talysis by reducing the band gap energy compared to TiO2, 
thereby improving light efficiency.

In this study, the combination of precipitation, sol–
gel, and hydrothermal methods was applied to synthesize 
Fe3O4@TiO2 magnetic photocatalyst. The photocatalytic activ-
ity of the material was evaluated via its ability for removing 
ENR in water. The effects of pH, photocatalyst dosage, initial 
ENR concentration, and treatment time on ENR degradation 
efficiency were investigated. The Design-Expert software 
was used to build multivariable equations to find suitable 
operating conditions for optimal treatment efficiency.

2. Materials and methods

2.1. Synthesis and characterization of materials

The chemicals used in this study were all analytical grade 
and bought from China. The water used in this study was 



V.T.T. Thuy et al. / Desalination and Water Treatment 287 (2023) 124–138126

double-distilled and it was taken from a local machine in 
the laboratory.

A mixture of FeCl2 and FeCl3 in an alkaline solution 
was used to produce the Fe3O4 core, following a procedure 
reported in the literature [27] with some minor modifica-
tions. In a typical process, 1.99 g of FeCl2·4H2O and 5.40 g 
of FeCl3·6H2O (molar ratio of 1:2) were added into a flask 
containing 50 mL of water. The mixture was then stirred at 
1,000 rpm, heated to 80°C, and slowly added with NaOH 
solution with the molar ratio 8OH–:1Fe2+:2Fe3+. After the color 
changed from orange to brown and finally to black, the mix-
ture was continuously stirred at 80°C for 1 h to achieve the 
complete reaction. After that, the mixture was washed and 
filtered with water about 7–10 times, and finally dried at 
105°C for 12 h to obtain the Fe3O4 powder.

Fe3O4@TiO2 magnetic photocatalyst was then synthesized 
by sol–gel and hydrothermal methods [25]. The preparation 
procedure began with the preparation of S (40 mL ethanol 
and 40 mL n-propanol), S1 (20 mL of S solution, 0.76 mL of 
water, and 0.055 mL of 68% HNO3 solution), and S2 (20 mL 
of S solution and 15 mL of titanium isopropoxide (TTIP)) 
solutions. At first, the S1 solution was stirred in a flask at 
500 rpm for 30 min, which was then slowly added with the 
entire amount of the prepared S2 solution. This mixture 
was subsequently heated to 80°C and the stirring speed was 
adjusted to 750 rpm to obtain a gel. This gel was then trans-
ferred into an autoclave and hydrothermally treated at 150°C 
for 12 h. The gel after hydrothermal was mixed with the 
previously prepared Fe3O4 powder and shaken at 220 rpm 
for 45 min. After that, the mixture was filtered and dried at 
105°C for 2 h to obtain the Fe3O4@TiO2 material. In the case 
that Fe3O4 powder was not added to the solution after hydro-
thermal, the obtained material was TiO2 powder with white  
color.

The morphological and elemental composition of the 
materials was determined by scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDX), 
respectively (JSM-IT200, JEOL, Japan). The crystal phase 
structure and magnetic properties were examined by X-ray 
diffraction (XRD, D2 PHASER, Bruker, Germany) and 
vibrating sample magnetometry (Microsense EZ9, USA), 
respectively. The functional groups of the materials were 
examined by Fourier-transform infrared spectroscopy (FTIR, 
Nicolet iS50, Thermo Scientific, USA). Raman spectros-
copy (LabRAM HR 800, HORIBA, Japan) was employed to 
analyze the molecular structure of materials and the inter-
actions between them. Specific surface area and pore size 
were measured by the Brunauer–Emmett–Teller technique 
(TriStar 3000, Micromeritics, USA). UV-Visible diffuse reflec-
tance spectroscopy (UV-Vis DRS, JASCO V-770, Japan) was 
used to determine the absorption wavelength and bandgap 
energy of the catalyst material. Besides, the point of zero 
charge (pHpzc) of the material was determined by the titration 
method. The initial pH value (pHi) of 11 Erlenmeyer flasks 
containing 25 mL of 0.01 M NaCl solution was adjusted in 
the range of 2–12 by adding 0.1 M HCl or NaOH solutions. 
The solutions were then added with 0.1 g of Fe3O4@TiO2 
material, and shaken at 120 rpm for 48 h before filtering. 
The final pH of the filtrate (pHf) was then measured and a 
chart of pHi vs. ∆pH (i.e., pHi – pHf) was plotted. The pHpzc 
of the material is the pHi where ∆pH = 0.

2.2. Photocatalytic experiments

The photocatalytic experiments were conducted using 
a lab-scale photocatalytic reactor (Fig. S1) with a volume of 
2 L. At first, the synthetic water containing ENR was pre-
pared with a certain ENR concentration (5–25 mg/L). Next, 
the initial solution pH was adjusted to the desired values 
(5.5–7.5) by HCl or NaOH solutions. Then, a certain dose of 
catalyst (0.25–1.25 g/L) was added to the solution. Under UV 
irradiation (Panasonic FL8BL-B, 8 W, maximum intensity at 
wavelength of 352 nm), the ENR concentration of the reaction 
solution was monitored every 30 min. The samples were col-
lected and centrifuged at 6,000 rpm for 15 min. After letting 
still for 5 min, the solution was filtered to completely remove 
the materials before ENR concentration measurement. The 
ENR removal was also verified by an experiment compar-
ing the treatment efficiency of the photolysis, adsorption, 
and photocatalysis under optimal conditions.

The ENR concentration was analyzed by spectropho-
tometry using a UV-Vis spectrophotometer (Hitachi U-2910, 
Japan). The UV absorbance of ENR at concentrations of 5, 10, 
15, 20, and 25 mg/L in Fig. S2 shows that the ENR has the 
highest absorbance at λ = 275 nm, which is similar to the pre-
vious studies [28–30]. Therefore, the ENR calibration curve 
in this study was constructed at the wavelength of 275 nm 
to determine ENR concentration in the water samples. The 
degradation efficiency (E, %) is calculated by Eq. (1), where 
Co and Ct (mg/L) are the ENR concentrations at the beginning 
and certain time (t, min), respectively.
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where Kobs (mg/L·min) is the first-order degradation rate 
constant. KC (mg/L·min) is the surface reaction rate, and 
KL–H (L/mg) is the Langmuir–Hinshelwood constant.

The Design-Expert software was used to design the 
experiments and determine the optimal operating conditions 
of pH value, photocatalyst dosage, and initial concentra-
tion for ENR degradation by response surface methodology 
(RSM). The treatment efficiency was selected as an objective 
function with the variables of pH, input ENR concentration 
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(mg/L), catalyst dose (g/L), and treatment time (min). The 
experiments were designed based on the RSM using the cen-
tral composite design (CCD) model. The experimental cen-
ter (point 0) and the survey range (–α, +α) of the parameters 
were selected based on the previous experimental results. 
Symbols and values of experimental design parameters are 
summarized in Table 1 with a total of 30 experiments and 
each experiment center repeated 6 times. These surveyed 
experiments were conducted with the same procedure as 
above, and the ENR degradation efficiency was recorded. 
The degree of influence of the variables on the objective 
function is determined through the regression equation by 
Design-Expert software.

3. Results and discussion

3.1. Characterization of materials

The morphology of the materials observed by SEM is 
shown in Fig. 1. From these SEM images, material samples 
are granular, with unequal sizes, especially with Fe3O4@TiO2. 
Fig. 1c shows that the Fe3O4@TiO2 sample appears locally 
agglomerated, and the particles adhere to each other to form 
larger clusters, making the surface of Fe3O4@TiO2 material 
appear rougher than that of TiO2 (Fig. 1a). The TiO2 gel inter-
acts with the Fe3O4 particles, forming the core-shell Fe3O4@
TiO2 material with a size larger than that of Fe3O4 (Fig. 1b).

The EDX-mapping results in Figs. 2 and S3 show the 
presence of C, O, and Ti elements on the surface of TiO2, 
and C, Fe, and O on the surface of Fe3O4 materials. The 
presence of Fe on the surface of Fe3O4@TiO2 material was 
also observed, proving that not all the surface of Fe3O4 was 
covered by TiO2. The mass composition of elements on the 

surface of TiO2 materials synthesized by the sol–gel method 
from TTIP precursors with the total content of two elements 
of O and Ti accounted for 95.35%, showing that TiO2 was 
successfully synthesized (Fig. S3a). The remaining 4.65% of 
C content may be because the precursor TTIP (C12H28O4Ti) 
was not completely oxidized. The Fe3O4 surface had more 
than 94% of Fe and O elements, and the rest was C (Fig. S3b). 
For the Fe3O4@TiO2 material, three elements of O, Ti, and 
Fe (41.775%, 18.63%, and 34.19%, respectively) appeared on 
the surface with a total ratio of 94.59% (Fig. S3c). With the 
goal of synthesizing a magnetic photocatalyst with a mag-
netic core of Fe3O4 and photocatalytic shell of TiO2, the pres-
ence of Fe element on the material surface showed that the 
Fe3O4@TiO2 synthesis process in this study was not optimal. 
Furthermore, the ratio of Fe element found on the surface was 
approximately twice that of Ti, suggesting that Fe3O4 was not 
completely covered by TiO2. This can make the Fe3O4@TiO2 
material have a lower photocatalytic efficiency than the TiO2 
material. Therefore, further studies on the material synthe-
sis are needed to improve the catalyst core-shell structure 
to optimize the photocatalytic and magnetic properties.

The crystalline structure of the materials was determined 
by XRD (Fig. 3). The XRD patterns clearly display the peaks 
of anatase at 2θ of 25.24 (101), 37.72 (004), 48.00 (020), 54.98 
(121), and 62.62 (204), and there is no rutile peak appeared 
[24]. In the Fe3O4@TiO2 pattern, in addition to the peaks char-
acteristic of the anatase phase, the peaks at 2θ of 33.2 (104), 
35.5 (311), 43.2 (400), and 57 (511) [24] are typical for Fe3O4 
crystals. The anatase crystalline phase can help the mate-
rial surface to be easily hydrated to form hydroxyl groups, 
which creates favorable conditions for O2 adsorption to pro-
mote the fast formation of reactive oxygen species (ROSs). 
Since the anatase crystalline phase structure still remains 
after coating TiO2 gel on Fe3O4 ferromagnetic particles, it is 
expected that Fe3O4@TiO2 materials can still maintain the 
inherent photocatalytic ability of TiO2. The XRD and EDX-
mapping results show the simultaneous presence of C, O, Ti, 
and Fe elements in Fe3O4@TiO2 material, which is a positive 
sign for the high photocatalytic and magnetic ability of the 
synthesized material.

The magnetic properties of the materials were deter-
mined using a vibrating sample magnetometer. The mag-
netic hysteresis in Fig. 4 shows that the material has quite 
obvious ferromagnetic characteristics. When increasing 
the external magnetic field from 0 to 10,000 Oe, the mag-
netization increased gradually and reached saturation at 

Table 1
Surveyed variables and intervals

Independent 
variables

Symbol Interval

–α –1 0 +1 +α

pH x1 5.5 6 6.5 7 7.5
Enrofloxacin initial 
concentration

x2 5 10 15 20 25

Catalyst dosage x3 0.25 0.5 0.75 1 1.25
Reaction time x4 60 90 120 150 180

(a) (b) (c) 

Fig. 1. Scanning electron microscopy images of (a) TiO2, (b) Fe3O4, and (c) Fe3O4@TiO2 materials.
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Ms = 6 emu/g. This value is similar to that reported by He 
et al. [25] (5.94 emu/g) while much smaller than Fe3O4-TiO2 
in the study of Noval and Carriazo [24] (49 emu/g). For the 
material recovered after the photocatalysis, the saturation 
magnetization was slightly reduced to 5.18 emu/g. The 
coercive force (Hc) and residual coercivity (Mr) of the two 
materials before and after ENR treatment are similar, as also 
noted in Fig. 4. Normally, magnetic materials can be divided 
into two main categories: “soft” and “hard” magnetic mate-
rials with the coercive force of <100 A/m and >100,000 A/m, 
respectively [32]. The Fe3O4@TiO2 synthesized in this study 

has a coercive force of ~36 Oe (i.e., 2,865 A/m), thus it is clas-
sified as a special semi-hard magnetic material [32]. The 
relatively small coercive force shows that the material has 
a weak magnetic dipole moment that cannot overcome the 
resistance of water. Together with the continuous stirring 
condition, the material was evenly dispersed during ENR 
treatment (Fig. S4a). Fig. S4b shows the Fe3O4@TiO2 mate-
rial with good magnetic recovery, which is promising for 
practical applications.

The FTIR spectra in the range of 4,000–400 cm–1 show that 
there are similarities between the composite material (Fe3O4@
TiO2) and the original materials (TiO2 and Fe3O4) (Fig. 5). 

 

 

     

Fe3O4@TiO2 

TiO2 

Fe3O4 

Fig. 2. Energy-dispersive X-ray spectroscopy-mapping results of TiO2, Fe3O4, and Fe3O4@TiO2 materials.
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In that, the specific vibration of the Ti–O bond is observed at 
about 493–728 cm–1 [33], which may be the anatase phase [34]. 
Peaks at 588 and 439 cm–1 are assigned to the Fe–O functional 
group [33,34]. The existence of free water molecules H–O–H 
and water-adsorbed O–H on the surface of the materials 
can be seen through peaks at 1,630 and 3,420 or 3,440 cm–1, 
respectively [34]. Compared to Fe3O4, the peaks of the Fe3O4@
TiO2 sample were shifted and even disappeared, indicat-
ing that TiO2 was successfully coated on the surface of the 
Fe3O4 material, thereby changing its material characteristics.

Raman spectra of TiO2, Fe3O4, and Fe3O4@TiO2 are exhib-
ited in Fig. 6. The peaks associated with the anatase phase of 
TiO2 include 140, 193, 394, 512, and 637 cm–1, corresponding 
to the segments of Eg, Eg, B1g, A1g + B1g, and Eg [35,36]. The 
Raman spectrum of Fe3O4 has characteristic peaks at 222, 
240, 287, 405, 496, 603, 656, and 1,310 cm–1 [37]. Among them, 
the peak at 656 cm–1 is identified as the magnetite Fe3O4 
[37] while the others may be attributed to hematite α-Fe2O3 
because the exposure to laser light or heat can cause Fe3O4 
to be oxidized [37,38]. The appearance of characteristic 
peaks of TiO2 and Fe3O4 in the Raman spectrum of Fe3O4@

TiO2 (at the same position or slightly shifted) showed that 
Fe3O4@TiO2 composite material was successfully synthe-
sized. However, the weaker peak intensity reveals that the 
composite material is less magnetic than the original Fe3O4 
material, which needs to be noticed and improved in further  
studies.

The specific surface area and pore size of the materials 
are important parameters to evaluate the activity of a pho-
tocatalyst. The N2 adsorption–desorption results in Fig. 7 
show that the Fe3O4@TiO2 material has a hysteresis loop of 
Type H2(b) according to The International Union of Pure 
and Applied Chemistry with a strong increase in the adsorp-
tion volume from P/Po ~ 0.7 and steep desorption line, infer-
ring that the material pores are mainly ink-bottle-shaped. 
Meanwhile, TiO2 has H3 adsorption–desorption isotherms, 
corresponding to the wedge-shaped pores. Both TiO2 and 
Fe3O4@TiO2 have pore sizes belonging to the mesoporous 
pore group with relatively large surface areas of 124.5 and 
157.5 m2/g, respectively. This difference indicates a struc-
tural change on the surface of the material, where the pres-
ence of ferromagnetic Fe3O4 particles helps to improve the 
surface area of the TiO2 material significantly.

The UV-Vis DRS spectra in Fig. 8 show the difference 
in absorption edges as well as bandgap (Eg) values of TiO2 
and Fe3O4@TiO2 materials. Specifically, the TiO2 synthesized 
from the sol–gel process has a UV-Vis DRS spectrum similar 
to that of P25 (commercial TiO2, black line in Fig. 8), with 
the absorption edge at λ ≈ 430 nm corresponding to an Eg 
value of 3.10 eV. After combining with ferromagnetic par-
ticles, the synthesized Fe3O4@TiO2 material has a red-shift, 
where the absorption edge shifts to the visible light region 
with the absorption edge at λ ≈ 715 nm (Eg ≈ 2.65 eV). This 
result shows that the synthesized Fe3O4@TiO2 material has a 
lower activation energy and can work with light sources at 
longer wavelengths.
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3.2. Effects of operating conditions on the ENR degradation

The operating conditions directly affect the perfor-
mance of the photocatalytic process. The investigation of 
the change in the pollutant removal efficiency under differ-
ent conditions forms a basis for the determination of design 
parameters when deploying the technology on a large scale. 
Therefore, the effects of pH, catalyst dosage, and initial ENR 
concentration, as well as retention time on ENR degradation 
efficiency, were initially investigated.

Fig. 9 displays the change of ENR degradation efficiency 
at different pH values during 180 min of reaction and the 
plot for determining the pHpzc of Fe3O4@TiO2. It is observed 
that the ENR degradation efficiency under neutral and weak 
alkaline conditions was higher than those under weakly 
acidic conditions. After 180 min of UV irradiation, ENR 
removal efficiency was up to 83.78% at pH 7, which is similar 
to the report of Li et al. [39]. With groups of carboxyl and 
piperazinyl in the molecular structure, ENR could exist as 
an anionic, zwitterionic, and cationic species in the aqueous 
solution depending on the solution pH. This feature can be 

a great difficulty for determining the interaction mechanism 
between the pollutant and the catalyst surface since mech-
anisms such as surface complexation, cation exchange, cat-
ion bridging, or electrostatic attraction can simultaneously 
occur [40].

The surface charge of the material can be estimated 
through the comparison of its pHpzc with the solution pH. As 
seen in the inset of Fig. 9, Fe3O4@TiO2 material has a pHpzc 
value of 6. When solution pH > 6, the surface of the mate-
rial with a positive charge has the ability to protonate the 
piperazinyl amine group of ENR, causing ENR cations to be 
retained at neutral pH [40]. The difference in the degrada-
tion efficiency at pH 7 was not very clear from that at pH 
7.5. This may be because this pH range lies between the two 
pKa values of the ENR (i.e., 6.27 and 8.30), which does not 
have much effect on the form of ENR in the aqueous solu-
tion. However, pH 7 would still be the best choice because 
aside from the top reason of being the highest ENR degrada-
tion efficiency, this value is close to the initial ENR solution 
pH of 6.45. This would save the amount of chemicals used 
to adjust the pH of the initial solution.

In the next experiment, the ENR degradation efficiency 
by photocatalysis was investigated at different catalyst dos-
ages from 0.25 to 1.25 g/L. As shown in Fig. 10, the degra-
dation efficiency increased from 65.89% to 84.65% with an 
increase in Fe3O4@TiO2 dosage from 0.25 to 1 g/L, which then 
started to decrease to 83.67% with a further dosage increase 
to 1.25 g/L. The highest efficiency was reached at the Fe3O4@
TiO2 dosage of 1 g/L, which may be because the high con-
centration of the catalyst (e.g., 1.25 g/L) increases the light 
scattering, thus hindering the light exposure to the pollut-
ant [41]. Meanwhile, the agglomeration and deposition 
ability of Fe3O4@TiO2 particles also increase at high concen-
trations [42,43], thus reducing the degradation efficiency. 
Finding a suitable catalyst dosage is usually an important 
step for avoiding excess or insufficient materials for con-
taminant removal. The photocatalysis using Fe3O4@TiO2 is 
considered a heterogeneous process, thus the initial reaction 
rate is proportional to the catalyst concentration. Hence, 
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after reaching a certain value, the more the catalyst dosage 
increases, the slower the reaction rate will be, which then no 
longer depends on the catalyst dosage. The essence of photo-
catalysis is that a sufficiently large source of photon energy 
is required. Therefore, with too high catalyst dosage, they 
could block part of the surface of the material to be illumi-
nated, resulting in a part of the material in the solution is not 
efficient for photocatalytic reaction.

The initial concentration of the pollutant is one of the 
important design parameters that directly affect its deg-
radation efficiency. As depicted in Fig. 11, the ENR degra-
dation efficiency after 180 min increased from 77.30% to 
92.20% when the initial ENR concentration was decreased 
from 25 to 10 mg/L. However, when the concentration con-
tinued to decrease, the degradation efficiency decreased to 
only 88.00% at the ENR concentration of 5 mg/L. The ENR 

degradation rate was consistent with the first-order kinetic 
model with R2 > 0.92 (Fig. S5), where the highest degrada-
tion rate was obtained at the concentration of 10 mg/L with 
a constant Kobs = 0.017 mg/L·min (R2 = 0.9576) corresponding 
to the highest degradation efficiency.

The photocatalytic treatment efficiency is directly 
affected by the interactions of photon-catalyst and pollut-
ant-catalyst and one of the important factors influencing 
these two interactions is the pollutant concentration. With a 
moderate pollutant concentration, light can activate the cata-
lyst and the pollutant can also interact well with the catalyst. 
However, too high pollutant concentration can interfere with 
the photocatalyst activation since the pollutant molecules 
attached to the surface of the material can cause the catalyst 
to be inactive, thus reducing the degradation efficiency. In 
contrast, the interaction between the pollutant and the cata-
lyst is limited at too low concentrations, and this also reduces 
the overall degradation efficiency. From the experimental 
results, it can be concluded that the suitable ENR concentra-
tion range for photocatalytic treatment with Fe3O4@TiO2 was 
from 5 to 20 mg/L with degradation efficiencies of >80%.

The calculated results according to Eqs. (2) and (3) are 
depicted in Fig. 12a. As the concentration of ENR increases, 
its photon adsorption also increases, thus significantly los-
ing the number of photons for utilizing by Fe3O4@TiO2 and 
causing a shortage of photons on the active surface of Fe3O4@
TiO2. At the same time, the high ENR concentration could 
occupy a larger number of active site positions on the sur-
face of Fe3O4@TiO2, which prevents the formation of strong 
oxidizing radicals, leading to a reduction in the ENR degra-
dation efficiency [39]. The degradation rate varied with each 
different ENR concentration. However, when evaluating all 
investigated concentration ranges, the correlation coefficient 
R2 of the first-order linear equations was high (i.e., 0.8099), 
proving the reliability of this equation when applied in 
practice. Thereby, it can be concluded that the reaction kinet-
ics of ENR follows the Langmuir–Hinshelwood model. The 
KC and KL–H values were calculated to be 0.6019 mg/L·min 
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and 0.0329 L/mg, respectively. Based on the KC and KLH val-
ues, the half-life of the ENR at the initial concentration of 
20 mg/L was determined to be 51.62 min (Fig. 12b).

The stability of the ENR degradation process was investi-
gated for 270 min with the best operating conditions found in 
the above experiments. The ENR degradation efficiency and 
absorption spectra of the samples in Fig. 13 show that the 
system operated stably and reached an efficiency of 93.70% 
after 270 min. According to the reaction time, the ENR degra-
dation efficiency increased gradually in three stages: (i) rapid 
increase for the first 30 min, (ii) slow increase for the next 
150 min, and (iii) reaching equilibrium for the rest time. In the 
starting stage of the reaction, the ENR density is high, and the 
uncovered surface area of the catalyst is large, which helps 
the degradation take place quickly. Moreover, high ENR con-
centrations can promote the shift of the equilibrium toward 
the direction of decreasing ENR concentration. Over time, 
the free surface area of the catalyst decreases, and the ENR 
density also decreases, thus the degradation rate is reduced 
and the degradation efficiency increases slowly. In the last 
state, without the addition of both ENR and Fe3O4@TiO2, the 
process gradually reaches equilibrium. Therefore, the degra-
dation efficiency in this period was almost unchanged. The 
results of the absorption spectra of the samples after treat-
ment showed similar peaks at the wavelength range from 
200 to 400 nm with the peak intensity decreasing during 
the reaction time (inset of Fig. 9). The peak with the high-
est intensity of all samples was obtained at 275 nm, which 
was not changed during the reaction time. This important 
experimental data suggests that the ENR degradation took 
place completely and yielded no other products/interme-
diates. This is an important result for the development of 
photocatalytic degradation of antibiotics using Fe3O4@TiO2 
material in the future.

3.3. Optimization of ENR degradation

The results of the analysis of variance in Table 2 show 
that there is a statistically significant difference between the 

variables (i.e., P-values < 0.05). The coefficient of determi-
nation R2 is the ratio of the variable to be interpreted as the 
mean sum of the variables and a measure of model fit. When 
R2 is close to 1, it means that the experimental value of the 
experimental model is more consistent with reality. Although 
the R2 value of 0.84 in this work is not high, it is sufficient 
to confirm that the empirical polynomial model built in 
this test is consistent with the actual situation.

The influence of the investigated variables on the degra-
dation efficiency was expressed through the objective func-
tion with pH (x1), ENR initial concentration (x2), catalyst 
dosage (x3), and reaction time (x4). As presented in Table 3 
and Fig. 14, the empirical quadratic polynomial is expressed 
in Eq. (5) with the omitted variables that are not significant 
(P-value > 0.05).

Y x x x x
x x x x

� � � � �
� �
80 61 5 24 4 92 3 73 2 37
5 23 3 581

1 2 3 4

1 2 1 3

. . . . .
. .  (5)

The optimal conditions found for this model were at a 
catalyst dosage of 0.972 g/L, initial ENR concentration of 
19.628 mg/L, pH 7, and reaction time of about 149.85 min. 
After conducting 6 iterations of the experiment based on 
the optimal parameters for the model, the degradation effi-
ciency was from 91% to 95%, and the possibility of error 
due to noise was within the allowable range (<5%). This 
result confirms again the high efficiency of ENR degrada-
tion by photocatalysis using Fe3O4@TiO2 material as well as 
the appropriateness of the model in practical applications.

3.4. Fe3O4@TiO2 recovery and reuse testing

The reusability of Fe3O4@TiO2 materials is a matter of 
particular interest in this study. The material recovery and 
reuse experiment were conducted with the optimal condi-
tions found such as catalyst dosage of 0.972 g/L, initial ENR 
concentration of 19.628 mg/L, and pH 7. The results in Fig. 15 
show that the ENR degradation efficiency achieved at the 
reuse of the material was lower than that of the first time. 
In the first stage (0–30 min) the difference was not signifi-
cant, but later on, the material used for the first time gave a 
much better degradation efficiency. Specifically, at 180 min, 
this difference was about 1.3 times. This may be because the 
material structure cannot be maintained in the same condi-
tion after being used, thus causing a decrease in the photo-
catalytic degradation efficiency.
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Table 2
Results of analysis of variance for the multivariable quadratic 
model

Source Sum of 
squares

df Mean 
squares

F-values P-values

Model 2,349.43 6 391.57 20.23 <0.0001
Residual 445.08 23 19.35 – –
Lack of fit 444.92 18 24.72 745.41 <0.0001
Pure error 0.1658 5 0.0332 – –
Total 2,794.52 29 – – –
R2 = 0.8407
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Table 3
Coefficient of the regression equation and P-values

Factor Coefficient estimate df Standard error 95% CI low 95% CI high F-value P-value

Intercept 80.61 1 0.8686 78.80 82.43 – –
x1 5.24 1 0.9712 3.21 7.27 29.09 <0.0001
x2 –4.92 1 0.9712 –6.95 –2.88 25.63 <0.0001
x3 3.73 1 0.9712 1.70 5.76 14.4 0.0004
x4 2.37 1 0.9712 0.3373 4.40 5.96 0.0147
x1x2 5.23 1 1.19 2.74 7.72 19.33 <0.0001
x1x3 3.58 1 1.19 1.09 6.06 9.03 0.0035
x1x4 0.4325 1 1.19 –2.06 2.92 0.1322 0.7202
x2x3 –0.0200 1 1.19 –2.51 2.47 0.0003 0.9868
x2x4 –0.0375 1 1.19 –2.53 2.45 0.001 0.9752
x3x4 –0.8650 1 1.19 –3.35 1.62 0.5289 0.4760
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Fig. 14. Response surface graph of survey elements: (a) pH and enrofloxacin initial concentration and (b) pH and catalyst dosage.
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3.5. Mechanism and limitation of this study

To evaluate the ENR degradation ability by various 
methods using Fe3O4@TiO2, photolysis, adsorption, and pho-
tocatalysis tests were conducted. The values of catalyst dos-
age, pH, initial ENR concentration, and reaction time were 
established under optimal conditions and the experimental 
results are shown in Fig. 16. Apparently, only about 11.72% 
of ENR was photolyzed by UV after 180 min and 37.9% of 
ENR was adsorbed by Fe3O4@TiO2 after about 60 min, which 
started to reach the equilibrium. However, more than 92.2% 
of ENR was degraded in photocatalysis. In addition, the 
same experiment was carried out with no light on for the 
first 30 min (Fig. S6). These obtained results were similar to 
when in dark conditions, where the efficiency achieved was 
much lower than that of UV irradiation, indicating the syn-
ergistic effect between material and UV light [44]. A study 
by Yu et al. [26] also evaluated the ENR degradation ability 
over time under sunlight conditions and the adsorption by 
Fe3O4@TiO2 gave similar results to this experimental result. 
Over time, ENR concentrations tended to decrease in all 3 
methods (Fig. 16). However, with the same concentration, 
the photocatalysis using Fe3O4@TiO2 material gave the high-
est degradation and almost completely eliminated the ENR 
after only 150 min of UVA irradiation. This is an important 
conclusion in evaluating the treatment efficiency as well 
as the applicability of this option in the actual treatment  
of ENR.

Based on the literature review and our own experi-
ences, the mechanism of ENR degradation in this study 
is proposed in Fig. 17. Accordingly, when being stimu-
lated by UV light, the Fe3O4@TiO2 catalyst helps the ENR 

degradation process to take place faster with the main role 
of ROSs such as OH• and O2

•. These two ROSs could break 
ENR down into simpler or mineralized products that are 
less harmful to the environment. In-depth investigations 
with intensive experiments (e.g., radical scavenging test, 
ion effects, electron paramagnetic resonance spectroscopy 
test, determination of intermediates (by mass spectroscopy) 
and mineralized products (by ion chromatography) [45,46]) 
are necessary for future works to give a comprehensive 
photocatalytic mechanism of UV-irradiated Fe3O4@TiO2 
and ENR degradation pathway.

4. Conclusion

The Fe3O4@TiO2 materials were initially successfully syn-
thesized with the expected ENR degradation efficiency of 
over 90%. The optimal condition obtained from an experi-
mental design by Design-Experts was at a catalyst dosage of 
0.972 g/L, initial ENR concentration of 19.628 mg/L, and pH 7. 
Experiments show that the main mechanism of degradation 
is photocatalysis, although the initial stage depends heav-
ily on adsorption on the surface. The ability to recover and 
reuse materials shows many potential practical applications. 
However, further research and improvement are needed so 
that the material can maintain its effectiveness after many 
times of reuse.
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Fig. S1. Lab-scale of photocatalytic reaction model.
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Fig. S2. UV absorbance of enrofloxacin at concentrations in the range of 5–25 mg/L.
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Fig. S3. Energy-dispersive X-ray spectroscopy results of (a) TiO2, (b) Fe3O4, and (c) Fe3O4@TiO2.
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Fig. S4. (a) Material dispersion during processing and (b) material recovery.
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Fig. S5. Degradation rate of enrofloxacin over time.
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