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Cephalexin (CEX) andmetronidazole (MNZ) degradation were photodegraded using the synthesized Urea/TiO2/
ZnFe2O4/-Clinoptiloite catalyst under visible light irradiation. Diffuse reflectance ultraviolet–visible spectroscopy
(UV–VisDRS) and photoluminescence (PL) analysis approved themodification of TiO2 byUrea and ZnFe2O4 com-
pounds increased the absorption edge of catalyst to 590 nm and decreased the electron−hole recombination
rate. The results showed the degradation efficiencies of ozonation process for the metronidazole and cephalexin
removal were obtained 36% and 39%, respectively. The photocatalyst activity of Urea/TiO2/ZnFe2O4/Clinoptiloite
(Zeolite) under visible light irradiation was determined 70% for metronidazole and 74% for cephalexin degrada-
tion. Furthermore, the combination of ozonation process and photocatalyst degradation under visible light irra-
diation showed high potential for the antibiotics degradation (94% for metronidazole and 95% for cephalexin)
due to the increase in the generation of reactive species and synergistic effect between photocatalysis and ozon-
ation processes. The response surfacemethodology (RSM) results revealed the removal efficiency of both pollut-
ants were highly dependent on pH, irradiation time, catalyst concentration and initial antibiotics concentration.
First order kinetics model descripted the degradation process and the rate constants were 0.0196 and
0.0243 min−1 for the metronidazole and cephalexin removal, respectively.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The presence of contaminants, especially pharmaceutical com-
pounds in water streams is rapidly increasing due to their wide applica-
tion in human and veterinary medicine [1–3]. Personal hygiene
products, pharmaceutical industry waste, hospital waste and therapeu-
tic drugs lead to the contamination of water and wastewaters by phar-
maceutical compounds [4]. Therefore, it is more likely that most urban
wastewaters are polluted with pharmaceutical compounds, especially
antibiotics. It is estimated about 100,000–200,000 tons of antibiotics
have been consumed worldwide over the last 50 years and only b30%
of them are metabolized in the body and a large percentage of them
are active after excretion [5,6]. Among antibiotics, MNZ and CEX with
a wide spectrum of antibacterial activity and high water solubility are
the most commonly-used products for treating infectious diseases
(2670 tons of CEX was consumed in China in 2013, 163 tons of CEX
n).
was consumed in Brazil in 2005) [2,7–11,62]. The presence of these an-
tibiotics and their continues input in aquatic environment could result
in the ever-increasing of their accumulation in the environment leading
to a potential risk for ecosystem, human and animal in both low and
high concentration because these compounds are considered as chronic
toxic, carcinogenic, mutagenic and fatal abnormalities elements
[1,11–17]. As a result, treatment of the wastewaters polluted by antibi-
otics is a vital issue. However, the conventional wastewater treatment
methods have shown poor performance to degrade these materials
due to the production of secondary pollutants, the bacterial resistance
property and poor biodegradability nature of metronidazole and cepha-
lexin [1,18,19]. Consequently, highly efficient alternative methods
should be employed to degrade pharmaceutical compounds from
wastewaters. Advanced oxidation processes (AOPs) have a high poten-
tial to degrade environmentally persistent contaminants and convert
them to harmless compounds by using produced powerful oxidizing
agents especially hydroxyl radicals which react with various contami-
nants with the rate constants in the order of 106–109 M−1 s−1

[1,8,20,21]. There are various types of AOPs classified as two groups of
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homogenous and heterogeneous phases that are widely applied for
water and wastewater treatments such as photolysis process (UV),
ozone-based AOPs (O3/UV, O3/H2O2, and O3/H2O2/UV), hydrogen
peroxide-based purification method (H2O2/UV), photocatalysis under
ultraviolet, visible light or solar irradiation (TiO2/UV and TiO2/H2O2/
UV systems) and so on [23]. Theways inwhich reactive species are gen-
erated, the concentration of produced oxidizing compounds and their
degradation efficiency of these various types of AOPs are different
[23]. Photolysis by itself has shown low mineralization performance
and much smaller degradation rate compared to simple ozonation for
water and wastewater treatment [24]. Besides, the oxidation-
reduction potential of •OH radicals, O3 and H2O2 are 2.85 eV, 2.07 eV
and 1.77 eV respectively confirming the lower reactivity of hydrogen
peroxide than that of two oxidizers for decomposition of pollutants in
wastewaters [25]. Therefore, it seems that simple O3 process is more ef-
fective method for water purification in comparison with H2O2 or UV
light process. Ozone has the high oxidizing power and selectivity to-
ward various contaminants and can degrade pollutants by direct ozon-
ation and indirect use of hydroxyl radicals [23,25]. However, due to the
low solubility of ozone inwater, lowwater resistance and the slow reac-
tion between ozone and some compounds, the single ozonation process
is not recommended as amainwater purification approach and it is bet-
ter to combine ozone injection method with other AOPs, especially
photocatalysis [15,23]. The heterogeneous photocatalysis processes
which are based on the generation of e−/h+ pairs under light irradi-
ation, transformation of photo-excited charges to the surface of cat-
alyst, the redox reaction of the charges and the formation of reactive
compounds to decompose pollutants can be combined by ozone pro-
cess to improve oxidizing ability and obtain higher mineralization
and degradation rate [26]. TiO2 is considered as a promising catalyst
for photocatalytic degradation owing to its excellent chemical and
thermal stability and strong oxidation capacity [27]. Although TiO2

is among the most widely-used materials for photodegradation pro-
cess, its performance for the visible application is greatly restricted
due to its wide band gap which brings some drawbacks [28–32].
The surface photoactivation fails to generate electron-hole pairs.
The low quantum yield rate of the visible light activation is another
major drawback. A low photocatalytic activity due to the weak sepa-
ration efficiency of photocarriers and high recombination rate of
electron hole pairs could limit the practical application of TiO2 be-
cause when the recombination of electron and hole pairs occurs the
energy will release as heat and decomposition will be not carried
out [33–35]. Consequently, there is the necessity to modify the
wide band gap of TiO2 and minimize e−/h+ recombination rate by
doping TiO2 with nonmetal elements such as nitrogen or semicon-
ductor like zinc ferrite (ZnFe2O4) that can have a positive effect on
decreasing the band gap energy, extending the absorption edge to
the visible light edge and improvement of photoreaction rate
[36–38]. The electronic structure of ZnFe2O4 and its narrow band
gap, its visible-light response and good photochemical stability
make it an appropriate option for doping with TiO2 [36,39,40]. Be-
sides, spinel crystal structure of ZnFe2O4 plays a vital role in enhanc-
ing the photocatalytic activity owing to the available extra catalytic
sites by virtue of the crystal lattice [39]. Moreover, nitrogen doped
TiO2 is also considered as high efficient visible-driven photocatalyst
due to the similar ionic size of nitrogen with oxygen and lower ioni-
zation energy than O2 which not only can effectively control on
chemical and electronic state and surface structure of TiO2 but also
the similar ionic size can have a key role in the reduction of the gen-
eration of electron and hole recombination centers [41,42].

Nanostructured photocatalyts offer many advantages than the
photocatalysts with average size more than nano such as high surface/
volume ratio, excellent optical behaviors, higher activity and degrada-
tion rate [14,35]. Nonetheless, due to the aggregation tendency of N-
TiO2/ZnFe2O4 nanostructure, the catalyst should be supported onmate-
rials to prevent the aggregation of the catalyst, facilitate its recovery
process and make it as a commercial compound [43]. Clinoptiloite as a
type of natural zeolite could be considered as a supporting material
due to its structure and high stability [2,28].

In recent years, the combination of various types of AOPs has been
applied to enhance the performance of this method for wastewater
treatment [43,44]. The combination of photocatalytic oxidation and
ozone processes known as the most advanced oxidation processes
could have significant effects on accelerating the photoreaction rate
and improving the degradation efficiency by using a compound as a cat-
alyst and ozone as both an oxidizing agent and radical producer to gen-
eratemore reactive species [15,45–47]. The catalytic ozonationwith the
great synergism between the photocatalysis and ozonation process not
only degrades the pollutants and intermediate compounds effectively
and is a great method to address the problems of single ozonation pro-
cess, but also it is less affected by the scavenging phenomenon or self-
radicalization [15]. There are some studies with regard to applying dif-
ferent types of AOPs to treat pharmaceutical compounds from polluted
water [48,49]. However, there has been no study on evaluation the per-
formance of N-TiO2/ZnFe2O4/zeolite photocatalyst under visible light
and its combination with ozonation process for comparison the perfor-
mance of this process for metronidazole and cephalexin degradation.
Moreover, previous studies have adopted the traditional one-factor-
at-a-time approach to obtain the optimization conditions of process
which not onlymakes the experiments too time-consuming and expen-
sive due to reagent costs but also it does not determine the interactions
between the operational factors and thereby disabling the assessment
of interactive effects of factors [28,50,51]. Response surface methodol-
ogy (RSM), based on statistical designs of experiments (DOEs), which
designs experiments and assesses the responses,model process and op-
timization conditions is an efficient technique that could be replaced
with an inefficient one-factor-at-a-time method [50,53].

The aim of this paper is the synthesis of visible-light absorbing N-
TiO2/ZnFe2O4 nanostructure supported on zeolite to evaluate the photo-
catalytic ozonation for bothmetronidazole and cephalexin degradation.
The RSM design was adopted to optimize four operational factors in-
cluding initial antibiotics concentration, pH, irradiation time and N-
TiO2/ZnFe2O4/zeolite concentration at which the degradation efficien-
cies of metronidazole and cephalexin were considered as responses.
The kinetic study and photodegradationmechanism for both pollutants
were investigated. The photocatalytic activity of bare TiO2, N-TiO2, bare
ZnFe2O4, N-TiO2/ZnFe2O4 and N-TiO2/ZnFe2O4/zeolite was determined
to study the effect of modification and stabilization of TiO2 with nitro-
gen, zinc ferrite and zeolite. The reusability of N-TiO2/ZnFe2O4/zeolite
catalyst, the effects of the weight ratios of N:TiO2 and N-TiO2:ZnFe2O4

were also evaluated. The effectiveness of different types of AOPs includ-
ing UV–Vis light, O3, N-TiO2/ZnFe2O4/zeolite/UV–Vis, O3/UV–vis and N-
TiO2/ZnFe2O4/zeolite/O3/UV–Vis on the removal of MNZ and CEX were
compared.

2. Experimental

2.1. Preparation of N-TiO2/ZnFe2O4/zeolite composite photocatalysts

ZnFe2O4 nanoparticles were synthesized by the following proce-
dures. Fe(NO3)3.9H2O (Merck, purity 99%, 1 M, 24.8 mL) and Zn(NO3)
2·4H2O (Merck, purity 99%, 1M, 12.4mL)weremixed and 55.8mL citric
acid (Merck, purity 99%, 1 M) with molar ratio 1:2 of Fe/Zn: citric acid
was added to the solution and continuously stirred at 100 °C for 1 h.
The solution was dried inside an electric oven at 120 °C for 24 h. The
sample was calcined at 500 °C for 2 h inside a muffle furnace and the
ZnFe2O4 nanoparticle was obtained.

N-TiO2/ZnFe2O4 nanocomposites were prepared by the sol-gel
method. The procedure of N-TiO2/ZnFe2O4 synthesis for weight ratios
of 1:3 for N:TiO2 and 2:1 for N-TiO2:ZnFe2O4 is as follows: TBOT
(Merck, purity 99%, 12.86 mL), ZnFe2O4 (2 g) and urea (Merck, purity
99%, 2.3 g), as a nitrogen source, were separately added to 16, 9 and



3M. Aram et al. / Journal of Molecular Liquids 304 (2020) 112764
4 mL ethanol (Merck, purity 99%) respectively. After 1 h sonication of
these solutions at 25 °C, the mixture of deionized water (3 mL) and
HCl (Merck, 12 M, 1 mL) was added to the urea solution. This solution
and ZnFe2O4 solution were added dropwise into the TBOT solution.
The solutionwasmixed using stirrer-heater at 80 °C for 3 h. The content
was cooled to room temperature, filtered and washed with deionized
water for several times followed by drying inside an electric oven at
80 °C for 18 h and calcination of N-TiO2/ZnFe2O4 at 450 °C for 2 h inside
a muffle furnace.

The stabilization of N-TiO2/ZnFe2O4 nanostructure on zeolite was
carried out by adding 1 g N-TiO2/ZnFe2O4 and 9 g zeolite into ethanol
followed by sonication of the mixture for 1 h at room temperature.
The content was dried by rotary evaporator and N-TiO2/ZnFe2O4/zeolite
nanoparticles were obtained.

2.2. Characterization

The X-ray diffraction (XRD) patterns of as-prepared samples were
conducted (BrukerD-8 Advance, Germany) in the 2θ range of 10–80°
at room temperature to determine their phase crystallinity and phase
structure. The X-ray Fluorescence (XRF) (Bruker S4-Pioneer,
Germany) analysis detected the chemical composition and structure
of the chemical compounds. The morphology of samples was examined
by using field-emission scanning electron microscope (FESEM) (Philips
XL 30 and S-4160) equipped with Energy Dispersive X-ray applied to
determine the composition of samples. The Fourier transform infrared
(FTIR), (Jasco, 6300, Japan) was applied in the 400–4000 cm−1 region
to identify the surface functional groups and the surface chemical char-
acteristics of the nanocomposite. The light absorption of the catalysts
was estimated from diffuse reflectance ultraviolet–visible spectroscopy
(UV–vis DRS) (V-670, Jasco, Japan). Photoluminescence emission spec-
tra (PL)weremeasured at room temperature using a fluorescence spec-
trometer (Perkin Elmer LS55) to assess the recombination rate situation
of catalysts at an excitation wavelength of 410 nm.

2.3. Photocatalytic degradation experiment

The photocatalytic reactions were carried out in a cylindrical quartz
vessel surroundedwith a water circulation system and equippedwith a
digital thermometer at the top of the reactor to maintain the reaction
temperature constant at 25 °C. The reactor contained pollutants solution
(metronidazole or cephalexin) (Table 1) with desired concentrations
and pH. The N-TiO2/ZnFe2O4/zeolite nanoparticles were suspended to
the solution using a magnetic heater-stirrer. The setup included an
ozone system (ARDA company), consisted of an ozone generator, an
ozone analyzer to determine inlet and outlet gaseous ozone concentra-
tions, a gas-washing trap, and a gas-flow controller. Ozone was gener-
ated from pure oxygen (99.9%) by using an ozone generator and
bubbled into the liquid by means of a porous glass disk diffuser with a
gas flow of 500 mg/h placed at the upper part of the reactor. Potassium
Iodide (KI, 2%) was used for reacting with residual ozone. The solution
was stirred under dark conditions for 30min to ensure the accomplish-
ment of an adsorption–desorption equilibrium. Two visible LED lamps
Table 1
Characteristics of the pollutants.

Antibiotic name Metron

Chemical formula C6H9N3

Structure

Solubility (mg/L) 7020
λmax (absorbance)(nm) 320
pKa 2.5
Molecular weight (g/mol) 171.15
(200W, light intensity: 400 lm per m2) placed in two sides of the reac-
tor and the lights were illuminated for a specific time through intervals.
Fig. 1 shows visible emission spectrum measured by a Jaz UV/Visible
spectrophotometer device (Ocean Optics Inc., Japan). The highest emis-
sion peak is observed at 532 nm. The schematic of the photoreactor is
shown in Fig. 2. After completion of the reaction time, the solution
was centrifuged to separate the catalyst using a centrifuge device
(HANIL SUPRA 22K) at 8000 rpm for 10 min. The metronidazole and
cephalexin concentrations were measured by a spectrophotometer de-
vice (V-570, Jasco, Japan) using calibration curve at the maximum
wavelength of 320 nm and 273 nm for metronidazole and cephalexin,
respectively. The photocatalytic degradation efficiency was calculated
according to Eq. (1).

Removal %ð Þ ¼ 1−
Ct

C0

� �
� 100 ð1Þ

where C0 and Ct are the initial and the final concentrations of metroni-
dazole (or cephalexin) in the solution, respectively.

2.4. Design of experiments

The Box-Behnken design, themost widely-used form of RSMdesign,
was chosen to assess the effect of four independent factors, initial pol-
lutant concentration (metronidazole or cephalexin), nanocatalyst con-
centration, irradiation time, and pH, at three levels of low (−1),
medium (0) and high (+1) and their interactions on the response (pol-
lutant degradation efficiency). Table 2 provides information about the
operating ranges and levels of the independent variables of this study.
The selected level values for each factor were obtained based on pri-
mary experiments. The total number of the experimental runs (N)
was obtained using the following equation.

N ¼ 2k k−1ð Þ þ cp ð2Þ

where, k and cp are the number of factors and the replication number of
the central point, respectively [28]. In this study, the number of 30 ex-
perimental runs was designed according to the Eq. (2). The significance
of the independent factors and their interactions on the response aswell
as the accuracy of the regressionmodelwere evaluated using analysis of
variance (ANOVA) statistical testing of the model in the form of linear,
squared and interaction terms. The optimum conditions of the factors
were determined by solving the regression equation and by analyzing
the response surface plots as well.

3. Results and discussion

3.1. Characterization of the photocatalyst

The XRD patterns of ZnFe2O4, N-TiO2, N-TiO2/ZnFe2O4, and N-TiO2/
ZnFe2O4/zeolite are shown in Fig. 3. The diffraction patterns of
ZnFe2O4, N-TiO2/ZnFe2O4 and N-TiO2/ZnFe2O4/zeolite confirm the
peaks at 2θ = 30.07°, 35.58°, 42.99°, 53.28°, 56.87°, and 62.42° were
idazole Cephalexin

O3 C16H17N3O4S

1790
273
2.6, 6.9
347.39



Fig. 1. Emission spectrum of visible light.

Table 2
Experimental ranges and levels of the process factors.

Factors Symbol Levels

−1 0 1

Initial antibiotic concentration (mg/L) A 10 50 100
Initial catalyst concentration (g/L) B 1 1.5 2
Time (min) C 60 90 120
pH D 4 7 10
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corresponded to Franklinite phase of ZnFe2O4 (JCPDS 77-0011). The dif-
fraction peaks at 25.40°, 38.00°, 48.00°, and55.19° in the XRD reflections
of N-TiO2, N-TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/zeolite were fully
matched with anatase phase of TiO2 (JCPDS 21-1272) and no rutile
phase was observed. The XRD patterns of N-TiO2/ZnFe2O4/zeolite also
approved the peaks at 2θ=10.00°, 22.40°, and 26.10° belonged to zeo-
lite. These observations were in good agreement with the study of Xu
et al. that synthesized TiO2/ZnFe2O4 nanoparticles confirmed the
peaks at 2θ =25.38°, 37.82° and 48.07° belonged to TiO2 while diffrac-
tion peaks at 2θ =29.82° and 35.24° were attributed to ZnFe2O4 com-
pound [36]. The XRF results of N-TiO2/ZnFe2O4/zeolite (Table 3)
revealed the amount of different elements of the catalyst and showed
that the weight ratio of Al to Si for zeolite was 6.12 which was higher
than 3.80 confirming the high thermal stability of the catalyst. The FT-
IR spectra of FeZn2O4, N-TiO2, N-TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/
Fig. 2. The schematic of the
zeolite (Fig. 4) revealed the absorbance peaks in the spectral region of
1600–1650 and 3430–3500 cm−1 were assigned to the bending and
stretching vibrations of O−H [36,42]. The absorbance peak at
545 cm−1 corresponded to the Fe−O vibration bond in ZnFe2O4, N-
TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/zeolite. The wide absorbance peak
in the range of 300–800 cm−1 was corresponded to the Ti−O−Ti vibra-
tion bond in N-TiO2, N-TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/zeolite
whereas no peaks were observed corresponding to the N-H groups of
urea molecules adsorbed onto the surfaces of the N-doped material
[36,42]. The sharp band at 1444 cm−1 implied the presence of nitrate
(NO3

−) group. The peaks at 465, 722, 1068, and 3624 cm−1 in N-TiO2/
ZnFe2O4/zeolite were attributed to the internal vibration of (Si, Al)–O
bending, Al−O, Si− O−Si, and Si−OH or Al−OH approving the pres-
ence of zeolite [2,28,54]. The FESEM images of ZnFe2O4, N-TiO2, N-
TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/zeolite (Fig. 5) showed irregular-
shaped crystallite with slight agglomeration. The FESEM image of
ZnFe2O4 revealed uniform particle network with an average particle
size of 25–50 nm. The N-TiO2 had the agglomeration network of spher-
ical shapes and the size of the catalyst was mainly b40 nm. Moreover,
the FESEM image of N-TiO2/ZnFe2O4 depicted porous nanostructure
with variable changes compared to those of ZnFe2O4 and N-TiO2 imply-
ing the ZnFe2O4 nanoparticles were uniformly doped on the surface of
N-TiO2. Besides, the comparison of FESEM images of Fig. 5a, b, with
those of Fig. 5c confirmed the successful distribution of N-TiO2 and
ZnFe2O4 on the surface of zeolite. The results of EDX spectra (Fig. 5d)
further verified the presence of N, O, Ti, Fe, Zn (related to semiconduc-
tors) and Si, Al (related to zeolite) and also showed the N-TiO2 and
photocatalytic reactor.



Fig. 3. XRD patterns of synthesized N-TiO2, ZnFe2O4, N-TiO2/ZnFe2O4/ and N-TiO2/
ZnFe2O4/zeolite.
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ZnFe2O4 nanostructures were well distributed on the surface of zeolite.
Similar results were reported in previous studies of synthesized N-TiO2

and TiO2/ZnFe2O4 confirming the presence of ZnFe2O4, TiO2 and N in
catalyst [42,55]. The results of UV–Vis DRS spectra (Fig. 6a) showed
the effect of materials doping on the band gap energy. The adsorption
edge of ZnFe2O4 was around 790 nm whereas the adsorption edges of
N-TiO2, N-TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/zeolite were 430, 530,
and 590 nm, respectively. The results confirmed that the modification
of TiO2 with ZnFe2O4 leaded to a shift to the band gap energy of TiO2

as the comparison of UV–Vis DRS spectrum of N-TiO2 with that of N-
TiO2/ZnFe2O4, and N-TiO2/ZnFe2O4/zeolite showed there was a shift to
a longer wavelength and higher visible light absorption. Therefore, dop-
ing of nitrogen and ZnFe2O4 could play a crucial role inmaking TiO2 cat-
alyst active to photodegrade pollutants under visible light irradiation.
This could be attributed to the formation of new energy storage centers
between valence band (VB) and conduction band (CB) of TiO2 [42].The
study of Yao et al. also showed a significant shift of the spectral response
to around 550 nm for N-TiO2/ZnFe2O4 compared to absorption edge of
undoped TiO2 which was at the UV region below 390 nm [42].
3.2. Model fitting and statistical analysis

The RSMmodels of second order polynomial equations were deter-
mined according to the results of experimental design obtained for each
run. The quadratic models in terms of coded factors for metronidazole
Table 3
XRF results of N-TiO2/ZnFe2O4/zeolite.

Compound Concentration (w/w%)

SiO2 55.82
Al2O3 9.37
TiO2 5.86
Fe2O3 3.59
CaO 3.09
Na2O 2.81
BaO 1.92
SO3 1.19
K2O 1.04
ZnO 1.015
MgO 0.464
SrO 0.271
Cl 0.235
P2O5 0.032
CuO 0.018
ZrO2 0.018
Total 100.00
and cephalexin follow as Eqs. (3) and (4), respectively.

YMNZ %ð Þ ¼ 83:51−2:72 � Aþ 3:66 � Bþ 3:93 � C−6:25 � Dþ 0:095
� AB−0:040 � AC−0:43 � AD−0:24 � BC þ 0:23 � BD
þ 0:88 � CD−0:79 � A2 þ 0:37 � B2 þ 2:41 � C2−3:55
� D2 ð3Þ

YCEX %ð Þ ¼ 88:60−3:88 � Aþ 4:03 � Bþ 3:39 � C þ 5:02 � D−0:82
� AB−1:11 � AC−0:031 � ADþ 0:42 � BC þ 0:93 � BD
þ 0:049 � CD−0:50 � A2 þ 0:80 � B2−1:67 � C2−18:68
� D2 ð4Þ

The adequacy and significance of two models were evaluated by
ANOVA results (Table 4) which showed the F-values for the models of
metronidazole and cephalexin removal were 65.40 and 75.91, respec-
tively confirming the models were highly significant. Besides, the p-
values for both metronidazole and cephalexin removal were
b0.0001which further approved that the model terms were significant.
The lack of fit value was 0.12 for metronidazole removal and 0.34 for
cephalexin removal model. These results revealed the lack of fit of two
models were not significant related to the pure error implying the
good predictability of the fitted models around data variation. The de-
termination coefficients R2 of the quadratic regression model for the
metronidazole removalwas 0.984 and 0.986 for the cephalexin removal
indicating that 98.4% and 98.6% of the variations for metronidazole and
cephalexin degradation efficiency, respectively were explained by the
independent variables. The adjusted R2 values, which modified the R2

values by considering the number of covariates or predictors in the
model, were 0.969 and 0.973 for metronidazole and cephalexin, respec-
tively. The close values of R2 for both models with their adjusted values
verified the predictability of bothmodels and the high R2 values implied
the satisfactory adjustment of the quadratic models to the experimental
data. Meanwhile, the adequate precision values for the metronidazole
and cephalexin degradation efficiency were 34.46 and 27.93, respec-
tively indicating remarkable signal (far N4).

The model and ANOVA results also provide information about the
significance of the independent factors and their interaction according
to p-value, F-value and coefficients of the quadratic model [28]. The re-
sults of metronidazole removal (Eq. (3) and Table 4) confirmed that al-
though all four independent factors and the square pH had significant
effects on the response (their p-value bb0.05), pH of the solution was
the most vital factor on the metronidazole degradation efficiency as
the F-value of pH and its coefficient value in Eq. (3) were much higher
compared to other factors. There was no interaction between indepen-
dent factors for themetronidazole removal as the p-values of all combi-
nation factors (AB, AC, AD, BC, BD, CD) were found to be N0.05(Table 4).
Further, the ANOVA results of cephalexin removal (Eq. (4) and Table 4)
confirmed that the degradation efficiency was highly dependent on the
level of pH and photocatalyst concentration in comparison with the
cephalexin concentration and irradiation time. It also showed that
there was an interaction between the cephalexin concentration and
the irradiation time. Moreover, the positive coefficients of the quadratic
models imply their positive effects on the response whereas the nega-
tive ones indicate their negative roles on the degradation efficiency.
Consequently, increasing the pH and metronidazole concentration or
reduction of irradiation time as well as photocatalyst concentration
could act as a deterrent to the performance enhancement of metronida-
zole removal. In the case of cephalexin removal, increasingpH to neutral
pH and increasing other factors except the pollutant concentration
could improve the cephalexin degradation efficiency.

3.3. Effect of processing factors and optimization

The effect of catalyst and pollutants concentration on the response is
shown in Fig. 7a. The degradation efficiency for bothmetronidazole and



Fig. 4. FTIR spectra of (a) FeZn2O4, (b) N-TiO2, (c) N-TiO2/ZnFe2O4, and (d) N-TiO2/ZnFe2O4/zeolite.
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cephalexin removal decreased to 75% and 82%, respectively with an in-
crease in pollutants concentration from 10 mg/L to 100 mg/L. Such re-
duction trends can be explained with the fact that when the
concentration of metronidazole or cephalexin is low, more available ac-
tive sites of the photocatalyst exist as comparedwith the pollutant mol-
ecules which leads to easy adsorption of the contaminant molecules on
the surface of the catalyst and thereby easy interaction of pollutantmol-
ecules with the generated hydroxyl radicals. However, the number of
active sites is far lower than the pollutants molecules at the higher con-
centration of metronidazole or cephalexin. Therefore, the lack of ad-
sorption sites at the higher pollutants concentration makes the
interaction of pollutants and hydroxyl radicals difficult and also leads
to the lower adsorption of the contaminant molecules which these
unadsorbed molecules cause lower penetration of photons through
the solution and the reduction of degradation efficiency. Besides, these
plots also evaluated the trend of degradation efficiency with increasing
the concentration of N-TiO2/ZnFe2O4/zeolite nanoparticles. The plots re-
vealed that there was an upward trend for the degradation efficiency of
bothmetronidazole and cephalexinwith increasing the catalyst concen-
tration. Increasing the catalyst concentration from1 to 2 g/L contributed
to the increase of the degradation efficiency from 79% to 91% and from
85% to 95% for the metronidazole and cephalexin removal, respectively,
which confirmed that N-TiO2/ZnFe2O4/zeolite compound had high po-
tential to degrade pollutants, especially antibiotics. This ascending
trend could be attributed to the light penetration of photoactivating
light into the suspension and an increase in the number of active sites
and photon absorbed and thereby contributing to the generation of
more hydroxyl radicals and enhancement of the degradation efficiency.
The plot of the degradation efficiency as a function of pH (Fig. 7b) in-
dicated that the metronidazole degradation efficiency was achieved al-
most 91% at pH 4 followed by a significant decrease of about 25% under
alkaline condition (pH= 10). However, the cephalexin degradation ef-
ficiency experienced a different trendwith an increase in the pH as it in-
creased from 65% to 92% with increasing the pH from 4 to 7 and then it
declined to around 79% with increasing pH to 10.These trends can be
justified by pHzpc of the catalyst and pKa of the metronidazole and
cephalexin. The pHPZC of the N-TiO2/ZnFe2O4/zeolite is 7.4 that means
the surface of the catalyst has negative charge at pH N pHPZC. The pKa

of metronidazole is 2.5 so that at higher pH than 2.5 the metronidazole
is in anionic form. Therefore, the remarkable drop of metronidazole
degradation efficiency at pH of 10 is owing to the electrostatic repulsion
between the photocatalyst surface and the metronidazole molecules
which has a negative effect on the adsorption of pollutant on the surface
of N-TiO2/ZnFe2O4/zeolite nanostructure. Moreover, in the case of ceph-
alexin the pKa has two different values as for the carboxyl group its
value is 2.6 and pKa = 6.9 for the amine group [14]. Therefore, at the
pH lower than 2.6 the cephalexin molecule is positively charged and
in the range of 2.6 to 6.9, cephalexin is in zwitterionic form while at
pH higher than 6.9 it is negatively charged [14]. Besides, the hydropho-
bic property of cephalexin is dependent on the pH of solution because
cephalexin is a zwitterion, i.e. the molecule contains both a basic and
an acidic group [17]. In the pH range of 4 to 7, cephalexin exists in higher
concentrations at the bubble surface and thus it has high potential to be
degraded by hydroxyl radicals [17]. However, at pH of 10, because ceph-
alexin is in anionic form the hydrophilicity and solubility of cephalexin
are improved and the degradation is occurred in the bulk of the solution



Fig. 5. FE-SEM images of (a) FeZn2O4, (b) N-TiO2, (c) N-TiO2/ZnFe2O4/zeolite, and (d) EDX spectrum of N-TiO2/ZnFe2O4/zeolite.

7M. Aram et al. / Journal of Molecular Liquids 304 (2020) 112764
where, there is a lower concentration of hydroxyl radicals and hence,
the degradation efficiency decreases [17]. Another reason for the reduc-
tion of degradation efficiency at pH of 10 is due to the repulsive forces
between cephalexin in anionic form and negative charge of N-TiO2/
ZnFe2O4/zeolite catalyst surface avoiding reaching the cephalexin mol-
ecules near the produced hydroxyl radicals on the surface of the catalyst
[14].

The trend of photocatalytic degradation efficiency of pollutants as a
function of irradiation time is shown in Fig. 7c. The metronidazole and
cephalexin degradation efficiencies enhanced to 90% and 94%, respec-
tively by increasing the visible light irradiation time from 60 min to
120 min. The increasing of irradiation time contributes to more time
for the generation of hydroxyl radicals which increases the number of
generated hydroxyl radicals. Besides, increasing of the irradiation time
means that there is more reaction time between the pollutants and
produced hydroxyl radicals which leads to the more degradation of
antibiotics.

The optimum conditions of the independent variables to achieve
maximum antibiotic degradation efficiency were determined using
the desirability function ranked in the range of 0 to 1. The higher desir-
ability implies the more desirable set of optimum conditions. The max-
imum metronidazole efficiency using Box-Behnken design at
desirability of 1 was predicted 95.6% under the optimum conditions of
metronidazole concentration of 100 mg/L, pH of 5, catalyst concentra-
tion of 2 g/L and 120 min visible light irradiation time whereas the
model predicted that 96.1% of cephalexin was degraded by following
the values of process conditions: 100 mg/L of initial cephalexin concen-
tration, pH = 7, the N-TiO2/ZnFe2O4/zeolite concentration of 2 g/L and
120 min irradiation time. The experimental results of metronidazole
and cephalexin degradation under the optimum conditions revealed



Fig. 6. a) UV–vis spectra, b) PL spectra of catalyst.
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that the maximum degradation efficiency for metronidazole and ceph-
alexin were 94.5% and 95.1%, respectively confirming the good agree-
ment between the predicted and experimental values and thereby
approving the adequacy and validity of themodels for the photocatalitic
ozonation of metronidazole and cephalexin.

The reusability and photocatalyst stability of theN-TiO2/ZnFe2O4/ze-
olite nanostructure which is an imperative parameter for its practical
application, was assessed under the optimum circumstances for both
the metronidazole and cephalexin photodegradation. The results ap-
proved that there were no remarkable changes in the metronidazole
and cephalexin degradation efficiencies even after four cycles of
degrading verifying the high physicochemical stability of the N-TiO2/
ZnFe2O4/zeolite photocatalyst.

The kinetics of photodegradation reaction under visible light irradi-
ation time in the presence of O3 at the initial pollutant concentration of
100mg/L (cephalexin ormetronidazole) using 2 g/L of N-TiO2/ZnFe2O4/
Table 4
ANOVA results of the quadratic model for cephalexin and metronidazole removal.

Source df Mean square

CEX MNZ CEX

Model 14 14 289.85
A:[antiobiotic](mg/L) 1 1 270.51
B:[catalyst](g/L) 1 1 292.74
C:Irradiation time(min) 1 1 207.20
D:pH 1 1 454.21
AB 1 1 0.11
AC 1 19.56
AD 1 1 0.015
BC 1 1 2.86
BD 1 1 13.71
CD 1 1 0.039
A2 1 1 0.65
B2 1 1 1.64
C2 1 1 7.26
D2 1 1 903.99
Residual 15 15 3.82
Lack of fit 10 10 4.31
Pure error 5 5 2.63
RCEX
2 = 0.986

RMNZ
2 = 0.984

R2
adj(CEX) = 0.973

R2
adj(MNZ) = 0.969

Adeq precision(CEX) = 27.932
Adeq precision(MNZ) = 34.458
zeolite nanophotocatalyst at the optimum pH (pH = 5 for metronida-
zole, pH = 7 for cephalexin) were evaluated. The first order kinetic
model (Eq. (5)) was applied to investigate the photodegradation kinetic
behavior.

Ln C0=Cð Þ ¼ Kappt ð5Þ

where,Kapp (min−1), C0 and C (mg/L) are the apparent rate constant, the
initial and final pollutants concentrations at zero time and time t, re-
spectively. The results proved that the kinetic models of metronidazole
and cephalexin photodegradation could be interpreted by a first order
kinetic model, as the determination coefficient values (R2) were very
high (0.998 for metronidazole and 0.991 for cephalexin). Besides, the
apparent rate constant for metronidazole and cephalexin were deter-
mined 0.0196 and 0.0243 min−1, respectively indicating the N-TiO2/
ZnFe2O4/zeolite/O3/UV–vis process had higher potential to degrade
F-value P-value

MNZ CEX MNZ CEX MNZ

220.36 75.9 65.4 0.0001 0.0001
313.42 70.8 93.00 0.0001 0.0001
400.16 76.7 118.7 0.0001 0.0001
301.43 54.3 89.5 0.0001 0.0001

1885.49 118.9 559.7 0.0001 0.0001
10.47 0.03 3.1 0.8691 0.0984
1.88 5.12 0.56 0.0389 0.4670
0.78 0.004 0.23 0.9508 0.6367
0.11 0.7 0.03 0.4001 0.8576
6.05 3.6 1.8 0.0776 0.2002
1.31 0.01 0.4 0.9208 0.5422
0.84 0.17 0.25 0.6868 0.6253
0.45 0.43 0.13 0.5220 0.7187
0.0034 1.90 0.001 0.1881 0.9750

76.29 236.7 22.64 0.0001 0.0003
5.58 – –
4.77 1.5 2.9 0.3366 0.1230
1.43



Fig. 7. The plots of antibiotics removal efficiency versus a) initial pollutant concentration and catalyst concentration b) pH and c) irradiation time, a1,b1,c1 formetronidazole and a2,b2,c2
for cephalexin.
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cephalexin than metronidazole. This could be due to difference in the
structure of two pollutants.

3.4. Themechanisms of photocatalytic ozonation degradation, effects of dif-
ferent processes of antibiotics removal and the effect of N:TiO2 and N-TiO2:
ZnFe2O4 weight ratio

The mechanism of photocatalytic degradation of N-TiO2/ZnFe2O4/
zeolite nanoparticles under visible light irradiation combined with
ozonation process is shown in Fig. 8. The photocatalytic oxidation
mechanism is based on the electrons in the valence band (VB) and
holes in the conduction band (CB) formed upon the light exposure.
ZnFe2O4 with narrow band gap energy (1.9 eV) [36] has high potential
to be easily excited under visible light irradiation from VB to CB which
leads to the generation of electron-hole pairs [42]. Besides, the band
gap of TiO2 is reduced by N doping and hence N-TiO2 can be excited
under visible light. However, for the N-TiO2/ZnFe2O4/zeolite
photocatalyst, the photogenerated electrons can transfer from the VB
of ZnFe2O4 to the CB of N–TiO2 because the potential of conduction
band of N-TiO2 is more positive as compared to that of the ZnFe2O4

band [36,42]. This contributes to formation of the positive hole (h+) in
the VB of ZnFe2O4 enhancing the transfer of photogenerated charge car-
riers (Eqs. (6) and (7)). Therefore, electron-hole pairs aremore likely to
be effectively separated and the recombination of electron-hole pairs
decreases which in turn improves the photocatalytic activity. The
photogenerated electrons and holes produced by ZnFe2O4 and N-TiO2

can react with O2 and H2O and generate the reactive oxygen species
(°O2

−,°OH) (Eqs. (8)–(10)) [36]. Furthermore, the combination of
photocatalysis degradation with ozonation process can also play a
vital role in increasing the generation of reactive species, such as hy-
droxyl radicals, as a result of the electron transfer from N-TiO2 to the
ozone molecule (Eqs. (11)–(13)) [43]. These oxygen reactive species
can react with antibiotics and degrade metronidazole and cephalexin
to harmless materials (Eq. (14)).

N−TiO2=ZnFe2O4 þ hv→N−TiO2=ZnFe2O4 e− þ hþ
� � ð6Þ

N−TiO2 e− þ hþ
� �

=ZnFe2O4 e− þ hþ
� �

→N−TiO2 e−ð Þ=ZnFe2O4 hþ
� � ð7Þ

hþ þ OH−→OH ° ð8Þ

hþ þ H2O→OH ° þ Hþ ð9Þ

e− þ O2→ °O−
2 ð10Þ

O3 þ e−→ °O−
3 ð11Þ

°O−
3 þ Hþ→HO °

3 ð12Þ

HO °
3→O2 þ OH ° ð13Þ

cephalexin or metronidazoleþ OH ° or °O−
2

� �
→intermediates→CO2

þ H2O ð14Þ

The effects of different processes of the cephalexin and metronida-
zole removal including adsorption removal, ozonation process, photoly-
sis degradation method and photocatalysis process or combination of
such methods were appraised (Table 5). The results of adsorption re-
moval onmetronidazole and cephalexin removal at the optimumcondi-
tions using N-TiO2/ZnFe2O4/zeolite as an adsorbent showed the
adsorption removal efficiencies of metronidazole and cephalexin were



Fig. 8. Possible photocatalytic ozonation mechanism of N-TiO2/ZnFe2O4/zeolite composite under visible light irradiation for metronidazole and cephalexin degradation.
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11% and 14%, respectively, which were relatively negligible. The degra-
dation efficiency of antibiotics by photolysis method (using UV–vis
alone) was also insignificant (4% metronidazole and 5% cephalexin).
The results showed the degradation efficiencies of ozonation process
for the metronidazole and cephalexin removal were obtained 36% and
39%, respectively, whereas the combination of ozonation and photolysis
processes (O3/UV–vis) improved the photodegradation performance
(43% metronidazole, 46% cephalexin). It can be attributed to the ele-
vated amount of hydroxyl radicals (Eqs. (11)–(13)). The photocatalytic
activity of N-TiO2/ZnFe2O4/zeolite under UV–vis irradiation was deter-
mined 70% for metronidazole and 74% for cephalexin degradation. Fur-
thermore, the combination of ozonation process and photocatalytic
degradation under visible light irradiation (N-TiO2/ZnFe2O4/zeolite/
Table 5
Comparison the performance of different types of AOPs for MNZ and CEX removal.

Process type Optimum conditions

UV–vis [MNZ] = 100 mg/L, pH = 5, Time = 120 m
Ozonation [MNZ] = 100 mg/L, pH = 5, Time = 120 m
O3/UV–vis [MNZ] = 100 mg/L, pH = 5, Time = 120 m
N-TiO2/ZnFe2O4/zeolite/UV–vis [MNZ] = 100 mg/L, pH = 5, [catalyst] = 2
N-TiO2/ZnFe2O4/zeolite/O3/UV–vis [MNZ] = 100 mg/L, pH = 5, [catalyst] = 2
Ozonation [MNZ] = 20 mg/L, pH = 11, reaction time =
Ozonation with ZnO [MNZ] = 20 mg/L, pH = 11, catalyst dosage
ZnO/Fe2O3/Clinoptilolite/UV/H2O2 [MNZ] = 60 mg/L, Time = 90 min, [catalys
ZnO/Fe2O3/Clinoptilolite/H2O2 [MNZ] = 60 mg/L, Time = 90 min, pH = 1
ZnO/Fe2O3/Clinoptilolite/UV [MNZ] = 60 mg/L, Time = 90 min, [catalys
UV/H2O2 [MNZ] = 60 mg/L, Time = 90 min, pH = 1
H2O2 [MNZ] = 60 mg/L, Time = 90 min, pH = 1
UV–vis [CEX] = 100 mg/L, pH = 7, Time = 120 m
Ozonation [CEX] = 100 mg/L, pH = 7, Time = 120 m
O3/UV–vis [CEX] = 100 mg/L, pH = 7, Time = 120 m
N-TiO2/ZnFe2O4/zeolite/UV–vis [CEX] = 100 mg/L, pH = 7, [catalyst] = 2 g
N-TiO2/ZnFe2O4/zeolite/O3/UV–vis [CEX] = 100 mg/L, pH = 7, [catalyst] = 2 g
Sono-Fenton [CEX] = 50 mg/L,pH =3, [H2O2] = 60 mg/L
ZnO/UV [CEX] = 5 mg/L,[ZnO] = 2 g/L, pH =7, Tim

radiation Intensity = 18 W
TiO2/UV [CEX] = 5 mg/L,[TiO2] = 2 g/L pH =7, Time

radiation Intensity = 18 W
Photolysis (UV) [CEX] = 50 mg/L, pH =6, Time = 120 min
TiO2/UV/H2O2 [CEX] = 50 mg/L, pH =6,[TiO2] = 1 g/L, H2

US/H2O2/NiO [CEX] = 40 mg/L, pH =3,[NiO] = 7.5 mg/L,
O3/UV–vis) showed high potential for the antibiotics degradation (94%
for metronidazole and 95% for cephalexin) due to the increase in the
generation of reactive species (Eqs. (6)–(13)) and synergistic effects be-
tween photocatalysis and ozonation processes.

Moreover, Table 5 lists the degradation efficiencies of various types
of AOPs for CEX and MNZ removal including UV, H2O2, O3, O3/UV, UV/
H2O2, UV/O3/catalyst, and UV/H2O2/catalyst to compare the perfor-
mance of photocatalytic ozonation process using N-TiO2/ZnFe2O4/zeo-
lite as a photocatalyst under visible light irradiation with other related
studies taken under evaluation in previous works. The results exhibited
the excellent photocatalytic ozonation activity of the process applied in
this study for the degradation of antibiotics. Comparison the removal ef-
ficiency of MNZ and CEX showed that using N-TiO2/ZnFe2O4/zeolite/O3/
Efficiency (%) References

in 4 This study
in, O3 = 500 mg/h 36 This study
in, O3 = 500 mg/h 43 This study
g/L, Time = 120 min 70 This study
g/L, Time = 120 min, O3 = 500 mg/h 94 This study
30 min 55 [15]

= 2 g/L, and reaction time = 30 min 77 [15]
t] = 1 g/L pH = 10, [H2O2] = 40 mg/L 99 [57]
0, [catalyst] = 1 g/L,[H2O2] = 40 mg/L 40 [57]
t] = 1 g/L pH = 10 95 [57]
0, [H2O2] = 40 mg/L 25 [57]
0, [H2O2] = 40 mg/L 10 [57]
in 5 This study
in, O3 = 500 mg/h, 39 This study
in, O3 = 500 mg/h 46 This study
/L, Time = 120 min 74 This study
/L, Time = 120 min, O3 = 500 mg/h 95 This study
,[Fe2+] = 8 mg/L,, Time = 60 min 90 [58]
e = 45 min 81.8 [59]

= 45 min 63.5 [59]

8.73 [60]
O2 = 0.15 mL, Time = 120 min 93.47 [60]
H2O2 = 30 mL/L, Time = 90 min 93.86 [61]
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UV–vis process had high potential to treat wastewaters contained phar-
maceutical compounds even at high initial concentration of antibiotics
(100 mg/L) and this can be a superiority of this study compared to
others listed in Table 5 as other studies were able to remove antibiotics
with lower initial antibiotic concentration (maximum 60 mg/L). Fur-
ther, these studies showed that UV or H2O2 as an individual process of
wastewater purifications was inefficient in decomposition of MNZ and
CEX and their removal efficiencies were b10%, which were much
lower as compared to the ozonation process with removal efficiencies
in the range of 36–55%. This is due to higher oxidation–reduction poten-
tial of ozone (2.07 eV) than H2O2 (1.77 eV) and its ability to decompose
contaminants by both direct ozonation and indirect use of hydroxyl rad-
icals (2.85 eV). Meanwhile, the modification of ozone with H2O2 or UV
(O3/H2O2 and O3/UV) showed much higher activity for antibiotic de-
composition than UV/H2O2. Further, Table 5 verified that a novel
visible-light responsive N-TiO2/ZnFe2O4/zeolite can be a potential
nanocatalyst for degradation of contaminants compared to some other
catalysts investigated in previous studies. In general, considering the
role of ozone injection as well as photocatalytic activity of N-TiO2/
ZnFe2O4/zeolite nanostructure which lead to high removal efficiency
even at high pollutant concentration with low consumption of catalyst,
Fig. 9. Effects of ZnFe2O4, N-TiO2, N-TiO2/ZnFe2O4 and N-TiO2/ZnFe2O4/zeolite for metro
photocatalytic ozonation process can bemore beneficial for wastewater
treatment than other types of AOPs.

The performance of N-TiO2 catalyst with and without the presence
of zeolite and ZnFe2O4 on photocatalytic degradation was also assessed.
The results indicated that the efficiency of both cephalexin andmetroni-
dazole improved markedly when TiO2 was modified by N and ZnFe2O4

as the efficiency of N-TiO2/ZnFe2O4 was obtained 70% and around 80%
for metronidazole and cephalexin removal respectively (Fig. 9). These
were far more than the efficiencies of N-TiO2 (50–60%), bare ZnFe2O4

(30–40%) and TiO2/ZnFe2O4 (70–75%) because impregnation of the
TiO2 semiconductor using N and ZnFe2O4 leads to the changes in the
band gap energy and the absorption edge playing a vital role in the gen-
eration of reactive species, especially hydroxyl radicals (Eqs. (6)–(10))
and thereby enhancing the photodegradation efficiency. While the
bare ZnFe2O4 has low performance to degrade pollutants because of
its lower valance band potential and poor property in photoelectric con-
version, it could be an appropriate option for dopingwith TiO2 due to its
sensitivity to visible light and no photochemical corrosion property [56]
Besides, the comparison of thephotocatalytic activity of N-TiO2/ZnFe2O4

(83–89%) and N-TiO2/ZnFe2O4/zeolite (94–95%) confirmed that not
only using zeolite as a support could have positive effects on boosting
nidazole and cephalexin a) photodegradation b) ozonation and photodegradation.
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the photodegradation efficiency but also it could make the nanoparticle
as a reusable catalyst.

The effect of N: TiO2 weight ratio on the photodegradation efficiency
of both metronidazole and cephalexin at the optimum conditions with
and without the presence of ozone was investigated. An increase in
the weight ratio of N: TiO2 from 0.5:3 to 1:3 resulted in a slight increase
in the metronidazole removal from 25% to 34%, respectively, whereas a
downward trendwas observedwith further increase of theweight ratio
to 1.5:3. The cephalexin photocatalyst degradation also experienced
similar trends as its photodegradation efficiency was obtained 30% at
the N:TiO2 weight ratio of 0.5:3 and it peaked at 40% for the weight
ratio of 1:3, followed by a decrease to 34% at weight ratio of 1.5:3. In-
creasing the weight ratio of N: TiO2 causes the enhancement of the
number of nitrogen atoms which replaces the oxygen sites atoms con-
tributing to an increase of oxygen vacancy and Ti3+ and thereby en-
hancing the photocatalytic activity of N-TiO2 and boosting the
degradation efficiency. However, further increase of the N: TiO2 weight
ratio can have negative effects on the enhancement of the degradation
efficiency because oxygen vacancies and Ti3+ sites can become the re-
combination centers at higher weight ratios which in turn can reduce
the photocatalytic efficiency. Meanwhile, the bare TiO2 without doping
of nitrogen had low photocatalytic activity to degrade antibiotics under
visible light irradiation (around 14–15% for both pollutants). This can be
attributed to the wide band gap of TiO2 which is inactive under visible
light irradiation and hence has low degradation efficiency. Moreover,
the optimum weight ratio of N-TiO2: ZnFe2O4 to obtain the maximum
degradation efficiency was also determined. The results confirmed in-
creasing the N-TiO2:ZnFe2O4 weight ratio from 1:1 to 2:1 increased
the degradation efficiency of metronidazole and cephalexin to 64%
and 75%, respectively followed by a decline to 52% and 68% for themet-
ronidazole and cephalexin removal, respectively by further increasing
the N-TiO2:ZnFe2O4 weight ratio to 3:1. The upward trend of the degra-
dation efficiency of both antibiotics could be due to increase in the num-
ber of active sites, the photocatalytic reaction centers and hydroxyl
radicals with increasing the N-TiO2:ZnFe2O4 weight ratio to 2:1. Never-
theless, at higher N-TiO2:ZnFe2O4 weight ratio, due to the role of
ZnFe2O4 as electron-hole recombination centers, the photocatalytic ac-
tivity reduces. Moreover, the results also verified that N-TiO2 without
doping of ZnFe2O4 had the lowest degradation efficiency for both antibi-
otics as compared to N-TiO2/ZnFe2O4 with different weight ratios of N-
TiO2:ZnFe2O4. This could be justified by the PL emission spectral results
of N-TiO2 and N-TiO2/ZnFe2O4 (Fig. 6b). The emission peak for both
photocatalyst was around 530 nm. Since the PL emission is the result
of charge carrier recombination, the lower PL intensity represents the
lower photogenerated electron-hole recombination rate [28]. The
lower intensity of N-TiO2/ZnFe2O4 compared to that of N-TiO2 shows a
better charge separation and higher photocatalytic activity of N-TiO2/
ZnFe2O4 than N-TiO2. Consequently, doping of ZnFe2O4 on the surface
of N-TiO2 leads to a more efficient charge separation, prolonging the
lifetime of the charge carriers, and thereby improving the interfacial
charge transfer efficiency and enhancing the performance of photocata-
lytic activity.

4. Conclusion

The performance of N-TiO2/ZnFe2O4/zeolite compound in the photo-
catalytic ozonation process under visible light irradiation improved
greatly as N90% of cephalexin and metronidazole degraded even after
four times of catalyst and the removal efficiency was highly dependent
on the weight ratio of N:TiO2 and N-TiO2:ZnFe2O4. The results of re-
sponse surface methodology and experimental design exhibited high
R2 values, high F-values, very low p-values, and nonsignificant lack of
fit values confirming good agreement between the experimental and
predicted values of the response for both pollutants removal. The first
order kinetic study confirmed that N-TiO2/ZnFe2O4/zeolite/O3 under
visible light irradiation system was more effective to degrade
cephalexin than metronidazole as the degradation rate of cephalexin
was 1.2 times higher than that of metronidazole. In general, based on
the findings, using the reusable N-TiO2/ZnFe2O4/zeolite compound as
a high visible-light active catalyst and the combination of photocatalytic
degradation and ozonation processes and also O3-based AOPs are sug-
gested for the water treatment process.
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