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ABSTRACT

The Fe,0,/TiO,/BC composite was used as a photocatalyst to remove metronidazole from aqueous
environments. The effect of different parameters such as pH, contact time, composite dose and
initial metronidazole concentrations on the removal efficiency was investigated. Composite spec-
ifications were detected by field emission scanning electron microscopy, energy dispersive X-ray,
X-ray diffraction, Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller and vibrating
sample magnetometer analyses. pH =7 was selected as the optimal value with respect to composite
pH,, and pK| values of the metronidazole. The metronidazole removal efficiency increased with
increasing composite concentrations (0.25-0.35 g L™). Also, the maximum efficacy was obtained at
composite concentration of 0.35 g L™'. With increasing initial antibiotic concentration (1040 mg L),
the efficacy decreased from 100% to 80%. The kinetic data suggest that the photocatalytic removal of
metronidazole followed the first-order kinetic model. A removal efficiency of 80% was maintained
after five steps of composite application. The main mechanism involved in the photocatalytic removal

of metronidazole is holes (h*), hydroxyl radicals (OH"), and superoxide radicals (O;").
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1. Introduction

The protection of the environment is undoubtedly one
of the biggest issues facing humanity in the current century
[1,2]. Emerging contaminants, as a large part of chemical
compounds, include pharmaceutical compounds and per-
sonal care products, steroid hormones, industrial chemi-
cals and herbicides [3-6]. Although these compounds are
present in the aquatic environment at very low concentra-
tions [7], most of the emerging contaminants are potentially

* Corresponding author.

carcinogenic and mutagenic [8,9]. Such pollutants can enter
the environment from various sources such as municipal
wastewater, pharmaceutical industries, landfills and indus-
trial sewages [10]. Among these sources, the wastewater
that is produced by urban wastewater treatment plants is
considered as the main source [11,12]. Among emerging
contaminants, pharmaceuticals and personal care products
have created serious concern in environmental science com-
munities and law enforcement agencies [13]. The inadequate
removal of pharmaceuticals by conventional processes, and
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lack of legal guidelines and standards have caused many
challenges in recent years [14,15]. The excessive use of such
compounds has led to their widespread presence in the envi-
ronment [16,17]. Approximately 95% of pharmaceuticals are
excreted from the body, thereby being discharged in to the
environment [18]. The annual consumption of antibiotics
is estimated to be around 100,000-200,000 tons worldwide
[19,20]. They are also used as food supplements and animal
growth promoters in husbandries [21,22]. These compounds
account for about 15% of all drugs used across the world
[16]. They impose the highest toxic impact on microorgan-
isms in the environment and, in turn, disturb the ecological
balance [23,24]. These materials are classified according to
their chemical structure or the mechanism of action [25].
The pharmaceutical industry wastewater contains the high-
est antibiotic concentration (20-800 mg L™) [26,27]. These
substances also lead to an increase in the population of the
resistant bacteria over other bacteria in the aeration tanks of
urban wastewater treatment plants [11,12]. The nitrification,
which is an important wastewater treatment process, can
be impacted by the presence of a group of antibiotics and
the growth of the nitrifying can be inhibited [28,29]. Algae
are most sensitive to various antibiotics and form the basis
of the food chain; thus, any reduction in the population of
them may affect the balance of the aquatic system [30,31].
Metronidazole is one of the most widely used antibiotics
around the globe. It belongs to the nitro imidazole group
and imposes several effects on humans. Since this antibiotic
cause lymphocyte DNA damage, it can be considered as a
carcinogenic and mutagenic material. Of course, accord-
ing to the International Agency for Research on Cancer
(IARC), the mutagenesis of metronidazole, its genotoxicity
for human cells and its carcinogen effect on humans have
not yet been proved. Considering its low degradability and
high solubility in water, this antibiotic is not removed from
the water by conventional methods [32,33]. Its physical and
chemical characteristics are summarized in Table 1.

The application of conventional processes for the treat-
ment of antibiotic-laden wastewaters is restricted because
physical methods usually produce secondary contaminants
and biological methods are very time-consuming and less-
efficient [34]. Advanced oxidation is a process, based on
hydroxyl radical production, with a high oxidation capacity
for degradation of contaminants such as toxins and pharma-
ceuticals, especially antibiotics that are resistant to degrada-
tion. Heterogeneous photocatalysts have been developed
as an effective technology for wastewater decontamination
[35,36]. Among these photocatalysts, TiO, has attracted spe-
cial attention due to its high photo activity, non-toxic nature,
high stability, and an extensive energy gap in higher electron
production efficiency [37,38]. The TiO, photocatalytic activ-
ity is highly dependent on their microscopic structure and
physical properties. Another way to increase the photocata-
lytic activity of TiO, is to prepare it based on a nano structure
resulting in an increase in its surface area, which is directly
related to its photocatalytic activity [38,39]. The application of
TiO, powder in the form of a suspension is accompanied with
problems such as the washing and dissolution of the catalyst
and the filtration-based separation of the final catalyst during
the treatment [40]. Therefore, the issue of catalytic stabiliza-
tion has attracted a lot of attention. Many studies have been

carried out to stabilize titanium on different substrates [38,41].
It should be noted that these approaches have been proposed
as a solution for a solid-liquid separation; the slurry type
reactor has significant advantages over those with stabilized
catalyst due to having some characteristics like available sur-
face area and mass transfer [38]. In a study on the photocata-
lytic activity of TiO,/C, it was found that there is a synergistic
impact and a common relationship between active carbon
and TiO, in terms of their photocatalytic effect [38]. Several
researchers have used various advanced oxidation processes
for the metronidazole removal from aqueous solutions [33,38].
In the present study, a photocatalytic composite, with high
photocatalytic activity and synergistic and combined effects,
was prepared using the following three ways: (1) use of good
catalytic potential of TiO,; (2) use of biochar, as an adsorbent,
with an optimal absorbance potential as a substrate; (3) use of
the Fe,O, nanoparticle for easy composite separation as well
as the enhancement of photocatalytic potential. The magne-
tized TiO,/Fe,0,/BC composites showed a rapid accumula-
tion under the influence of a magnetic field, which could be
useful for separating these particles in further applications.

2. Materials and methods

All laboratory materials used in this study were of high
purity grade. Chloride Iron(Ill) and chloride Iron(Il), tetra-
ethyl silicate, tetraethyl butyl titanium, ammonia, ethanol,
methanol, acetonitrile were purchased from Merck Co. Inc,,
(Germany).

2.1. Substrate preparation

First, rice husks were collected from agricultural lands in
the North of Iran. Next, they were washed well and rinsed
using distilled water to remove any dust and impurities.
They were then washed with acid to remove organic con-
tamination and rinsed again with distilled water to obtain
a neutral pH. Next, they were boiled to remove their color.
Afterwards, they were dried by placing in an oven. Finally,
they were calcinated inside a furnace under nitrogen gas
at 700°C at a temperature rate of 5°C min™ for 2 h [42].

2.2. TiO, preparation

The TiO, nanoparticle was prepared using the sol-gel
method. Hence, 0.1 M of tetraethyl butyl titanium was dis-
solved in 100 ml of ethanol and then placed on a stirrer for
10 min until a white precipitate was formed. Next, condensed
HNO, was added to it in a drop-to-drop manner until the
white color disappeared and a clear solution was obtained.
The solution pH was adjusted at 4. A yellow precipitate was
obtained after 6 h of stirring at room temperature. This pro-
cess was continued for 10 h at 70°C to dry the precipitate
and then a homogeneous substance was obtained. Finally,
in order to calcinate the sample, it was placed in a tube
furnace under nitrogen gas at 450°C for 2 h [43].

2.3. Preparation of magnetic biochar

The biochar surface was magnetized and saturated
using the co-precipitation of Fe** and Fe®" in an alkaline
solution. An exact amount of ferrous chloride (FeCl) and
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Table 1
Physicochemical characteristics and structure of metronidazole

Molecular formula: C.HN,O, 0

Molar mass: 171.2 g mol™ IU.‘\ -

pk =255 = °
Solubility: 9.5 g L™ N>/N\/\0H

ferric chloride (FeCl,) with a weight ratio of 1-2.7, respec-
tively, was poured in distilled water, which had been aerated
with nitrogen gas for 30 min. Then, it was placed on a stir-
rer in the presence of nitrogen gas to be thoroughly mixed
and dissolved. At this stage, the pre-prepared biochar was
added before the addition of ammonia. After 30 min, 30 ml
of ammonia was added; this led to the formation of a com-
pletely black precipitate. It was then completely stirred on
a mantel for 60 min. Finally, when the precipitate achieved
magnetic properties, it was separated by a high-strength
magnet. It was then washed with distilled water and ethanol
for several times, completely dried in an oven, and finally
kept in a desiccator until the next use [43].

2.4. Preparation of Fe,O,/TiO,/BC composite

The TiO, prepared in the first stage was poured in 200 ml
of distilled water and then placed on the stirrer for 30 min
at room temperature. Afterwards, 2 g of the magnetized
biochar was added to it and then placed on the stirrer for
30 min. It was later placed in an ultrasonic bath for 30 min to
become completely homogeneous and thoroughly mixed on
the stirrer for 45 min. It was finally separated by the mag-
net and washed with water and ethanol for several minutes.
It was then completely dried in an oven and calcinated in
a cylindrical tube furnace at 450°C for 2 h. The magnetic
biochar-TiO, ratio was adjusted at 1:2 [35,43,44].

2.5. Specifications of Fe,O,/TiO,/BC composite

The morphology, crystalline structure, surface area, func-
tional group, and composite elements of the composite were
identified by various analyses and devices. The X-ray dif-
fraction (XRD) analysis was performed at room temperature
to determine the crystal structure with a copper X-ray tube
X wavelength of 1.44056 angstrom (A), voltage of 40 kV, and
current of 30 mA (Philips, Holland). The functional groups
of the composite and substrate surfaces were identified by
Fourier transform infrared spectroscopy (FTIR) (Thermo-
AVATAR, American) in the range of 450-4,000 cm™. The
surface morphology of the biochar composite was analyzed
by scanning electron microscope (SEM) (TESCAN MIRA 3,
Czech Republic). Also, the energy dispersive X-ray (EDX)
analysis was used to identify composite elements (TESCAN
MIRA 3, with SAMX Detector Czech Republic). The pH of
zero point charge (pH,,.) was measured for determining the
surface charge properties of the composite. The intermedi-
ate products of metronidazole degradation were detected by
an Agilent Technologies 7890A gas chromatography (GC)/
MS device. The biochar and composite surface area was

determined by the Brunauer-Emmett-Teller (BET) analysis
(BELSORP MINI 2 Japan).

2.6. Process of test and analyses

The initial stock solution of metronidazole (1,000 mg L)
was prepared by dissolving the appropriate amount of the
antibiotic powder in deionized distilled water. The one-
factor-at-a-time method was used to optimize the variables
affecting the efficiency of metronidazole removal; the param-
eters and their ranges were as follows: catalyst concentration
(0.125,0.25,0.5,0.75 and 1 g L), pH (3, 5, 7, 9 and 11), initial
metronidazole concentration (10, 15, 20, 30 and 40 mg L™),
and contact time (5, 10, 15, 20, 30, 45, 60, 90 and 120 min).
The present study also investigated the effect of radical trap-
pers in the synthetic sample on metronidazole removal from
urban drinking water and hospital wastewater, to which
metronidazole was added. Each specimen was picked up
after proper contact time and filtered using syringe filters
with 0.25 um pore size. The concentrations of metronidazole
were determined by high-performance liquid chromatogra-
phy (HPLC) (model Kanaure with UV-Vis detectors) at the
wavelength of 319 nm. The column temperature, specimen
injection rate, and flow rate were 35°C, 20 ul, and 1 mL min-},
respectively. The mobile phase consisted of acetonitrile and
distilled water solutions with HPLC grade of 30:70 ratios,
respectively [45,46]. The remaining concentration of metro-
nidazole in solutions was calculated using the area under a
curve formula.

3. Results and discussion
3.1. Composite specifications
3.1.1. XRD analysis

The XRD patterns of the biochar, Fe,O,/SiO,/TiO, nano-
catalyst, and Fe,O,/TiO,/BC composite are shown in Fig. 1a.
The main peaks of 20, 18.35°, 30.05°, 35.72°, 43.6°, 53.85°,
57.54°, 63.31° belong to the Fe,O, nanoparticles; the TiO,
peaks include 25.39°, 37.62°, 48°, 71.74° and 74.59°. The
Biochar peak is 22° as shown in Fig. 1a. According to the XRD
pattern, the refraction peaks in the Fe,O,/TiO,/BC composite
are similar to the FeO,/SiO,/TiO, nanocatalyst refraction
peaks, except that in the composite there is an additional
peak in the 22° region corresponding to the biochar. In addi-
tion, no additional refraction peak was observed in the XRD
pattern of the Fe O,/TiO,/BC composite, which confirms the
purity of the material used in the catalyst synthesis [40,46].

3.1.2. FTIR analysis

The results of the FTIR analysis in the range of 450-
4,000 cm™ are presented in Fig. 1b. Specific absorption peaks
shown in the figure had a distinctive absorption peak at
3,433.65 cm™ belonging to the hydroxyl O-H group of the
surface hydroxyl group. The absorption peak at 1,725.70 cm™
indicates the presence of the carbonyl group. Also, the
absorption peak at 1,632.29 cm™ indicates the C=O bond
[35]. Another distinct peak reflects the Si—O vibration, which
is considered as the constituent element of the biochar.
The absorption peak at 593.13 cm™ is related to the Fe—O and
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Fig. 1. Composite specifications (a) XRD analysis, (b) FTIR analysis, (c,d) SEM images and (e) EDX pattern and VSM analysis.

Ti-O-C vibration. Also, the absorption peak at 454.70 cm™
is related to the Ti—o-Ti vibration [47].

3.1.3. SEM analysis

The morphology of the composite was investigated by
SEM images (Figs. 1c and d). The average particle size was
approximately 25 nm. The nanoparticles had a spherical
structure; and, in the image TiO, is shown as the white layer
illustrating its loading onto the composite. The surface of the
hollow composite particles is fully flat and dense [43].

3.1.4. EDX analysis

EDX analysis was performed to identify the constituent
elements of the composites. According to the results shown
in Fig. 1le, the main constituent elements include oxygen,
iron, titanium, and carbon, which indicate the successful
development of the composite of Fe,O,, TiO,, and carbon
substrate.

3.1.5. Vibrating sample magnetometer analysis

Fig. 1f shows the vibrating sample magnetometer (VSM)
diagrams of the composite and Fe,O, at room temperature,
for reconnoitring the magnetic properties of the sample.
The magnetic saturation grade of Fe,O, and the composite

are 58.97 and 28.97 emu g™, respectively. The reason for its
decreased amount is probably related to the loading of TiO,
on the surface of Fe,O,, as well as the reduction percentage of
Fe,O, in the composite sample compared to the pure Fe,O,.
The synthesized sample shows good super paramagnetic
behavior at room temperature. This feature helps the cat-
alyst to be easily separated by being placed in an external
magnetic field. Due to the magnetic properties of the com-
posite, it is easy to separate it from the reaction medium
by high magnetic characteristic and be reused considering
the importance of recycling [48,49]. The degree of the com-
posite’s magnetic saturation decreased in comparison with
Fe,O, due to the presence of TiO, and biochar in the structure
of the composite [50].

3.1.6. BET analysis

Table 2 shows the BET analysis results. The biochar-coated
Fe,O, and TiO, exhibited lower surface area as compared
with that of biochar [43].

3.2. pH effect

Fig. 2 demonstrates the effect of pH on the composite-
based metronidazole removal efficiency. As can be seen,
the removal efficiency increased from 85% to 100% as pH
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Table 2
BET analysis of Fe,O,, biochar and the composite
Sample BET (m?g™”) Total pore volume D, (nm)
(p/p,=0.990)
Fe,O, 63.22 0.006 2.95
Biochar 460.96 0.2844 2.460
Fe,0,/TiO,/BC  157.59 0.258 3.64

increased from 3 to 7. However, such efficiency decreased
with further increase in pH value to 9 and 11. For example,
the removal percentage declined to 85% at pH = 11. The
composite pH _was determined to be 7.5, with negative and
positive composite surfaces, which were observed at pH val-
ues below and above 7.5. Also, in previous studies, it has
been reported that the pH_  (isoelectric point) of a similar
composite was in the range of 6-8 [26,30]. Therefore, more
OH-ions are absorbed on the surface and radical hydroxyl
production increases at pH values lower than pH . Since
the pK_ of metronidazole is 2.55, it is thus present as a cat-
ion and anion at pH values of higher and lower than 2.55;
therefore, the best metronidazole adsorption toward the
composite occurs at pH values of lower than 7.5 at which the
composite surface is positively charged and, at pH values
higher than 2.55, metronidazole is present as an anion. The
photocatalyst process is more efficient at neutral to-alkaline
pHs than acidic pHs; this observation is consistent with the
results of the related previous studies [51]. Moreover, the
TiO, nanoparticles have an accumulation property in acidic
conditions. As a result, it reduces the absorption of light and
removal efficiency [52].

3.3. Effect of contact time and initial metronidazole concentration

Fig. 3 shows the effect of the initial concentration of
metronidazole and contact time on the removal efficiency
of the antibiotic from aqueous solution. As can be seen in
the figure, with increasing the metronidazole concentra-
tion from 10 to 40 mg L™, the removal efficiency decreased
from 100% to 80%; this is because of the fact that there are
more metronidazole molecules in the aqueous solution that
should be absorbed at the composite surface and removed in
contact with the catalyst. By contrast, lower metronidazole
concentration leads to an increase in the number of mole-
cules having contact with the composite and, in turn, higher
removal rate. However, when the concentration is raised, the
removal efficiency decreases as, in this state, the composite
content remains unchanged and metronidazole molecules
tend less to be in contact with the composite [51]. Also, a
greater amount of the pollutant causes the catalyst surface
to be saturated. Also, active catalytic sites decrease, lead-
ing to a decline in removal efficiency [53]. By increasing the
concentration of pollutants in water, it reduces the reactive
species, disperses and decreases UV light penetration into
the solution [53,54]. In photocatalytic processes, photocat-
alysts usually produce a pair of electrons-hole by photon
absorption, which with a series of reactions hydroxyl radi-
cals, which is a superoxide, are produced, that can react with
the compounds. As a result, the reaction process will take

——pH S5
80 { ——pH7
—pH9
X ——pH 11
= 60
<
>
(=]
£
D
K40
20
0 T T T
0 10 20 30 40 50 60
Time (min)

Fig. 2. Effect of solution pH on photocatalytic degradation of
metronidazole (composite concentration = 0.35 g L™, metronida-
zole concentration = 20 mg L™ and contact time = 90 min).
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Fig. 3. Effect of contact time and initial metronidazole con-
centration on photocatalytic degradation (composite concen-
tration = 0.35 g L™ and pH =7).

place at shorter contact times [55]. And, since the catalyst
has been placed on the substrate stage and a composite is
formed; thus, in the produced composite, the catalyst and
pollutant have a larger surface area in comparison with the
sole catalyst. This results in a decline in reaction time [35,56].

3.4. Effect of composite concentration

Fig. 4 shows the results obtained from changes in
initial composite concentration on the photocatalytic removal
efficiency of metronidazole. As can be seen, with increas-
ing the initial concentration, the removal efficiency
initially increased and then declined. An increase in compos-
ite concentration increased the removal efficiency, because
it enhances both adsorption sites on the composite and
production of radicals. The removal efficiency decreases
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Fig. 4. Effect of composite concentration on photocatalytic
degradation of metronidazole (metronidazole concentration =
10 mg L, pH =7, contact time = 45 min).

with increasing the composite concentration, which is due
to a decrease in the intensity of the UV lamp blocked by
increasing the composite concentration [57]. The results are
consistent with those reported by other researchers [58,59].

3.5. Determination of the kinetic model
To obtain the kinetic model information, the Zero, first

C
and second-order equations (by plotting C, —C,,lnc—O and

t
11 vs. time, respectively) were used [60-62]. Table 3

Ct 0
shows all equations and constant coefficients for various

metronidazole concentrations related to kinetic studies.
The photocatalytic degradation of metronidazole followed
a first-order kinetic model. The first-order rate constants
of photocatalytic process (Kobs (min™)) at different ini-
tial concentrations of metronidazole are shown in Table 4.
Reaction rate (K, ) of the first-order kinetic model decreased
from 0.747 to 0.0367 m™ with increasing metronidazole con-
centration from 10 to 40 mg L. The K ,_ value in various

Table 3
Kinetics models and parameters for metronidazole degradation
[65-67]

Kinetic models Parameters

Zero-order C, (mgL™), C, (mgL™),
C,—C, =kt k, (mol/l min)
First-order K, (min™)
ln& =Kt

Ci
Second-order K, (L mol™ min")
11,
Ct Cﬂ

metronidazole concentrations was obtained by the diagram

[metronidazole] . .
0 versus the reaction time

gradient of theln =———————=*
[metronidazolel

[45,63]. With increasing the initial antibiotic concentration of,
the reaction speed and regression degree decreased, which is
consistent with the results of similar studies [26,58,64].

3.6. Comparison of important parameters effective in
photocatalytic degradation of metronidazole between
the present and other studies

In this section, the most important parameters affect-
ing the photocatalytic removal of metronidazole surveyed
in the present study and other similar studies have been
compared. In this section, the most important parameters
affecting the photocatalytic removal of metronidazole sur-
veyed in the present study and other similar studies have
been compared (Table 5).

3.7. Remouval of metronidazole from urban drinking water
and real hospital wastewater

In order to evaluate the efficiency of the Fe,O,/TiO,/BC
composite in real conditions, drinking water and real waste-
water samples were examined. The metronidazole concen-
tration was adjusted at 10 mg L7, which was found to be
the optimal concentration, in all samples. The results are
shown in Fig. 5. In this study, we evaluated the effect of the
process on the metronidazole removal from drinking water
containing a series of anions, cations, and other elements.
Apparently, the removal efficiency decreased; this is mainly
due to the presence of carbonate and bicarbonate ions which
affect the radicals contributing to the degradation of pol-
lutants. These ions may also deactivate the active sites on
the composite surface effective in metronidazole removal.
These findings are consistent with those of a related work
[69]. Lower removal efficiency rate obtained for the waste-
water sample is probably because of the presence of solids as
well as the interference of ions like chloride, sulfate, Nitrate
and phosphate or other organic contaminants. Besides, both
organic and metronidazole molecules compete to react with
reactive species. Also, high concentrations of organic mat-
ters reduce the efficiency of metronidazole removal [57,69].
Further, the formation of inorganic layers on the compos-
ite surface, which decreases the contact between the com-
posite surface and the antibiotic, may be another reason for
the declined efficiency rate [70].

3.8. Effect of radical scavenger

In the photocatalytic process, the surface of the catalyst
under UV light causes the formation of charge carriers h{,,
and e, and in the water the contaminants are absorbed onto
the catalyst’s surface [71]. In the presence of the oxygen mol-
ecule adjacent to the catalyst’s surface, the electrons in the
conduction band are trapped, and the oxygen molecule is
reduced to radical superoxide [58,71]. In the next step, h?vs)
(hole) reacts with the water molecule and produces radical
hydroxyl and hydrogen ions [72]. In order to ensure radi-

cal production, in present study, we investigated the effect
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Table 4

Kinetic parameters for the photocatalytic degradation of metronidazole at different concentrations of metronidazole (Fe,O,/TiO,/BC

concentration = 0.35 g L™ and pH =7)

Metronidazole Zero-order First-order Second-order
(mg L) k, (mol L min) R2 K, (min) 1/K,,_ (min) R K, (L mol" min"") R
10 0.218 0.87 0.0747 13.38 0.99 0.0288 0.86
15 0.314 0.82 0.0689 14.51 0.99 0.0256 0.82
20 0.4161 0.86 0.067 14.49 0.99 0.0198 0.80
30 0.6119 0.88 0.0431 23.04 0.98 0.004 0.74
40 0.698 0.84 0.0367 27.52 0.97 0.0023 0.89
Table 5
Comparison of important parameters effective in photocatalytic degradation
System pH Catalyst [Metronidazole], Lamp Time Removal Kinetic K. Reference
concentration (mgL™) W) (min) efficiency
(5L (%)
Fe’/graphen-TiO, 5 1 35 20 50 99.26 Pseudo-first-order 0.083 [59]
UV/TiO, 7 05 40 125 120 99.48 Pseudo-first-order 0.00513 [45]
UV/TiO, 6 1.5 10 100 60 86.10 Pseudo-first-order 0.045 [51]
UV/Zno 95 0.5 10 100 60 60.32 Pseudo-first-order 0.124 [51]
TiO,-doped Fe** 11 0.5 80 125 120 97 Pseudo-first-order 0.027 [68]
UV/TiO, 7 05 80 125 90 99.5 Pseudo-first-order [32]
Fe,O 4/TiOZ/BC 7 0.35 10 16 45 100 Pseudo-first-order 0.074 Present study

100 -

80 -
X
= 60 - -
> 5
o —_—

E 40 - =0—Synthetic water
& =#—Drinking water
20 1 Wastewater
0 — T T T T

0 10 20 30 40 50
Time (min)

Fig. 5. Metronidazole removal from urban drinking water and
real hospital wastewater under the optimum conditions.

of different types of radical scavengers on metronidazole
removal efficiency under the fixed conditions as follows:
metronidazole concentration of 10 mg L™, composite concen-
tration of 0.35 g L™, and pH =7 using benzoquinone, tert-bu-
tanol, and ammonium oxalate for superoxide (O;"), hydroxyl
(OH"), and hole (h') trappers, respectively, at the optimal
contact time. The results have been shown in Fig. 6. The
removal efficiency in the presence of benzoquinone, tert-bu-
tanol, and ammonium oxalate decreased during the photo-
catalytic process as compared to absence of the these radical

100 -
S 80 -
g
2 i
£ 60
<
=
N 40 -
. —+—No Scavenger
= —=—A0
20 - = (-BuOH
o ——BQ
0 T T T T
0 10 20 30 40 50
Time (min)

Fig. 6. Effect of radical scavenger on photocatalytic degradation
of metronidazole under the optimum conditions (metronidazole
concentration = 10 mg L™, pH = 7, composite concentration =
0.35 g L7, contact time = 45 min).

scavengers. In the case of absence of the radical scavengers,
the removal efficiency was 100%, which decreased by 92.3%,
67.11% and 55.45% in the presence of benzoquinone, tert-
butanol, and ammonium oxalate, respectively. The results
of previous studies have illustrated that radical oxidation of
contaminants is the most important removal mechanism in
the photocatalytic oxidation. In general, the main reason for
the photocatalytic mechanism for the composite-based met-
ronidazole removal is hole (h*), hydroxyl radical (OH*) and
superoxide radical (O,™), respectively [51,73]. In the study by
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Table 6
Characteristics and types of intermediate product of photocatalytic degradation of metronidazole
Molecular weight Structure Chemical formula Composition name Row
H
N
68.077 | /> CH,N, 1H-Imidazole 1
N
|
H—N ) .
56.07 N C—C=N CHN, Aminoacetonitrile 2
H H
N
57.05 HO C\\N C,H,NO Hydroxy acetonitrile 3
o
75.07 HZN\)L C,HNO, Glycine 4
OH
o
60.05 )k CH,0, Acetic acids 5
OH
o
H,C
89.09 OH C,HNO, Alanine 6
NH,
T o
44.05 H—C—C< CHO Acetaldehyde 7
L
o
73.10 C,HNO Isoamyl benzyl ether 8

Tran et al. [51] on the removal of metronidazole by a TiO,
nanocatalyst the presence of hole (h*) was more effective
than the other radical scavengers. In study by Wang et al.
[59] where Fe /graphene-TiO, composite was used for pho-
tocatalytic removal of metronidazole from aqueous solution.
The results showed that the greatest effect was observed after
the addition of ammonium oxalate (h*) and the second-order
after the addition of methanol (OH").

3.9. Mineralization rate

The analysis of total organic carbon (TOC) contents
through a TOC analyzer (Shimadzu VCHS/CSN, Japan) was

performed to determine mineralization rates. Fig. 7 shows
the mineralization percentages. Generally, the further con-
taminants are mineralized by the treatment process, the lower
environmental hazards are caused by wastewater discharge.
Therefore, it can be claimed that the process used in the
current research can be applied for the degradation and
mineralization of aquatic environments contaminated with
metronidazole [59].

3.10. Intermediate products

After separation of the composite and under the optimal
conditions, intermediate products were detected through a
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Fig. 7. Mineralization rate of metronidazole during photocatalytic
degradation under the optimum conditions (metronidazole
concentration = 10 mg L™, pH = 7, composite concentration =
0.35 g L, contact time = 45 min).

gas chromatography-mass spectroscopy (Agilent Technologies
7890A) device. First, the samples were prepared by the lig-
uid-liquid extraction. Next, 2 ml of hexane was added to
5 ml of the sample in the test tube and mixed with vertex
for 5 min. After being settled in the tube for 15 min, 10 pL
of the solvent sample was removed and then injected into
the GC device (7890A Agilent Technologies). Finally, the
by-products were identified according to the device ency-
clopedia [51,69]. All by-products identified in this study are
shown in Table 6. The photocatalytic reaction of metroni-
dazole happens via the main oxidizing agents of holes (h*)
and radical hydroxyl. It takes place in two separate loca-
tions. The holes oxidizing agent (h*) that directly attacks
the hydroxyl group in metronidazole and converts to the
carboxyl group. The whole reaction (h*) is also applied to
the group of branches, which is mentioned in another study
[61]. The radical hydroxyl reaction causes the opening and
destruction loops [74,75].

3.11. Reuse

Fig. 8 shows the effect of the recycling test on the effi-
ciency of metronidazole removal. In this study, the efficiency
was investigated in five cycles and the results showed that
the high removal rates declined somewhat as moving from
the first to the fifth cycle. Of course, the efficiency rate was
80% in the fifth cycle. Therefore, it can be reused to remove
the metronidazole antibiotic. The decreased efficiency was
probably caused by accumulation of organic intermediates
in the hole and on the surface of the composite, which are
effective in the adsorption of metronidazole [46].

4. Conclusions

The excessive consumption of antibiotics has led to their
widespread presence in the environment; they find their
ways to surface water, groundwater and drinking water.
Antibiotics that are being used in the treatment of humans
and animals are among the most important contaminants.
In this study, the Fe,O,/TiO,/BC composite, which was pre-
pared with the sol-gel method, was used to provide a suit-
able solution for removing metronidazole antibiotic. The
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Fig. 8. Reuse exam for the photocatalytic degradation of
metronidazole (composite concentration = 0.35 g L', pH =7,
metronidazole = 10 mg L™, contact time = 45 min).

characterization of the composite illustrate that it had suc-
cessfully been constructed. Maximum removal rate (100%)
was obtained under the optimum conditions: pH = 7, com-
posite concentration 0.35 g L™ and contact time 45 min. In
order to affect the intervention, the examination was done
in the presence of the scavenger, by using drinking water
and real hospital wastewater. The results showed the
removal efficiency decreased in the presence of interveners.
The removal efficiency of metronidazole was investigated
in five cycles and the results indicated the high efficiency
was somewhat reduced as moving from the first to the fifth
cycle; the efficiency rate was 80% in the fifth cycle.
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